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Analyses a r e given of 137 f o y a i t e s and r e l a t e d s y e n i t e s from 
the Gr^nnedal-fka a l k a l i n e complex, South Greenland. The d i s t r i b -
u t i o n of the f e l s i c normative components i n the Lower Laminated 
S e r i e s (Emeleus 1964) i s i n t e r p r e t e d p a r t l y i n terms of the e a r l y 
s e t t l i n g of nepheline followed by nepheline and f e l d s p a r together. 
The laminated f e l d s p a t h i c s y e n i t e s i d e n t i f i e d a t the top of the 
Lower S e r i e s are d e s c r i b e d and t h e i r s i g n i f i c a n c e i s d i s c u s s e d . The 
Upper S e r i e s shows no pronounced d i f f e r e n t i a t i o n of f e l s i c components. 
The problem of d e s c r i b i n g s y s t e m a t i c a l l y the complicated 
chemical v a r i a t i o n among the cumulus rocks of the complex i s t o some 
extent overcome by the a p p l i c a t i o n of R-mode f a c t o r a n a l y s i s , the 
p r i n c i p l e s of which are explained. 
The chemical c h a r a c t e r i s t i c s of the va r i o u s minor s y e n i t e u n i t s 
d i s t i n g u i s h e d by Emeleus (1964) a r e descr i b e d . Chemical comparisons 
between a l l of the s y e n i t e u n i t s l e a d s to the p o s t u l a t i o n of three 
broad 'toiagma a s s o c i a t i o n s " c o n t r i b u t i n g to the complex. 
Analyses a r e a l s o given of 50 a l k a l i n e dykes belonging to l a t e r 
magmatic episodes. From r e l a t i o n s h i p s i n the system Na^-K^O-Al^C^-
S i 0 2 , i t i s argued t h a t the members of the p e r a l k a l i n e p h o n o l i t e 
s u i t e are r e l a t e d p r i n c i p a l l y by the f r a c t i o n a t i o n of f e l d s p a r 
approximating t o A b 5 5 O r 4 Q A n 5 i n composition. The bearing of these 
rocks on phase e q u i l i b r i a i n the analogous n a t u r a l system i s d i s c u s s e d , 
and c o n s i d e r a t i o n i s given to the p o s s i b l e o r i g i n s of the i n i t i a l 
p e r a l k a l i n e phonolite magma. The chemistry of a number of s e v e r e l y 
a l t e r e d dykes of the same type i s considered, and an account i s given 
of the chemical and m i n e r a l o g i c a l changes o c c u r r i n g during a l t e r a t i o n . 
( i ) 
The geochemistry of s u i t e s of lamprophyric and t r a c h y t e 
dykes i s examined and p o s s i b l e r e l a t i o n s h i p s between them are 
d i s c u s s e d . 
F i n a l l y , the magma types thought to be represented i n the 
complex a r e reviewed, and the s i g n i f i c a n c e of t h e i r d i s t r i b u t i o n 
i n time i s considered together w i t h p o s s i b l e modes of o r i g i n . 
( i i ) 
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g i e s e c k i t e pseudomorphs a f t e r nepheline, enclosed i n 
f e l d s p a r . 
5. Laminated f e l d s p a t h i c s y e n i t e of the Lower S e r i e s Group IV 
(27136). 
6. Nepheline r i c h GS-1 Granular S y e n i t e (27095) showing e a r l y 
euhedral nepheline p o i k i l i t i c a l l y enclosed by massive 
p e r t h i t i c f e l d s p a r . 
7. A Coarse-Grained S y e n i t e (126721) showing t e x t u r a l evidence 
of the e a r l y formation of nepheline r e l a t i v e to f e l d s p a r . 
8. A P o r p h y r i t i c M i c r o s y e n i t e dyke rock (27200) of Group 1, 
showing phenocrysts of f e l d s p a r ( w i t h dust zone) and 
nepheline. 
9. A P o r p h y r i t i c M i c r o s y e n i t e dyke (39770) of Group 5 
c u t t i n g the Upper S e r i e s , Phenocryst of nepheline and a 
microphenocryst of b i o t i t e . 
( x i i i ) 
PART 1 
THE NEPHELINE SYENITES 
CHAPTER 1 
INTRODUCTION 
1.1 H i s t o r y and Scope of I n v e s t i g a t i o n 
The Grjrfnnedal-Ika complex, s i t u a t e d roughly ei g h t k i l o m e t r e s 
of the Gardar province of South Greenland. I t was i n t r u d e d at 
an e a r l y stage i n the Gardar period, and consequently the complex 
has been su b j e c t e d to much of the f a u l t i n g which occurred during 
Gardar times, having f i r s t s u f f e r e d i n t e n s e b r e c c i a t i o n i n p l a c e s 
during the emplacement of a c a r b o n a t i t e plug. At v a r i o u s times 
throughout the Gardar the complex has been i n t r u d e d by dyke swarms 
of v a r y i n g i n t e n s i t y and composition. I t i s h a r d l y s u r p r i s i n g , 
t h e r e f o r e , t h a t the complex i s the most d i s t u r b e d and a l t e r e d of 
the major a l k a l i n e plutons of the a r e a , and t h i s f a c t , combined 
with the i n d i f f e r e n t exposure, has been and s t i l l i s a major 
o b s t a c l e to the i n t e r p r e t a t i o n of i t s s t r u c t u r e and development. 
Although the e x i s t e n c e of nepheline s y e n i t e s i n the I v i g t u t 
a r e a was recognised i n the middle of the l a s t century, no 
s y s t e m a t i c mapping of the complex i s recorded p r i o r to the work 
of Ussing and B ^ g g i l d i n the f i r s t y e a r s of the present century. 
The complex was s t u d i e d i n more d e t a i l by C a l l i s e n (1943), but by 
f a r the most complete i n v e s t i g a t i o n i s t h a t of Emeleus (1964). 
From the d e t a i l e d r e c o n s t r u c t i o n of the p r e - f a u l t i n g , pre-dyke 
c o n f i g u r a t i o n of the i n t r u s i o n , Emeleus d i s t i n g u i s h e s two s e r i e s 
of laminated nepheline s y e n i t e s separated by a g n e i s s r a f t . The 
s t r u c t u r e has been intruded by a s t r o n g l y xenolith-charged body 
of p o r p h y r i t i c nepheline s y e n i t e , which was i n t u r n d i s r u p t e d by 
the i n j e c t i o n of a c a r b o n a t i t e plug through the centre of the 
E.N.E. of I v i g t u t , i s among the s m a l l e s t of the a l k a l i n e plutons 
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nepheline s y e n i t e mass. S e v e r a l phases of nepheline s y e n i t e dykes 
are recognised i n and around the complex, i n c l u d i n g a r i n g - d y k e - l i k e 
body exposed a t the north-west margin. 
The i n v e s t i g a t i o n reported i n t h i s volume i s concerned w i t h the 
chemistry and petrology of the s y e n i t i c rocks of the complex. The 
study stems from the work of Emeleus (1964) and i s based on the 
specimens c o l l e c t e d by him. Accounts a r e given of the major nepheline 
s y e n i t e u n i t s d i s t i n g u i s h e d by Emeleus, and of l a t e r groups of phono-
l i t e ( s e e G i l l i n p r e s s ) , t r a c h y t e and lamprophyric dykes c u t t i n g the 
complex. 
The v a r i o u s d o l e r i t e and b a s a l t dykes found i n the area are not 
considered. They form part of a r e g i o n a l p a t t e r n of b a s i c dykes, and 
as such a r e the s u b j e c t of r e s e a r c h being undertaken by other workers 
(Upton 1970). 
The c a r b o n a t i t e has been considered only p e r i p h e r a l l y i n the 
work reported here. T h i s i s not to suggest t h a t i t s importance i s 
minor or t h a t i t s e f f e c t on the complex has been i n s i g n i f i c a n t . 
The c a r b o n a t i t e does, however, re p r e s e n t a d i s t i n c t i n t r u s i v e episode, 
and t h e r e i s no evidence to suggest t h a t there has been any i n t e r -
a c t i o n with the s i l i c a t e magmas p r i o r to i t s i n t r u s i o n . The only 
p o s s i b l e exception to t h i s i s the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , 
which appears to have been intruded i n a d i s r u p t i v e manner r e m i n i s -
cent of the c a r b o n a t i t e . 
I n view of these arguments and the expected d i f f i c u l t i e s w i t h 
regard to standards f o r instrumental a n a l y s i s , the c a r b o n a t i t e has 
not been s t u d i e d s p e c i f i c a l l y . I t s s i g n i f i c a n c e should not be 
underrated, however, and the body should be a f r u i t f u l s u b j e c t for 
a separate i n v e s t i g a t i o n . L i k e w i s e the d e t a i l e d m i n e r a l o g i c a l study 
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of the complex, to which the present work may be considered a 
precursor, must be d e f e r r e d to a l a t e r study. 
The specimen numbers used throughout t h i s t h e s i s r e f e r to 
the c o l l e c t i o n s of the Greenland G e o l o g i c a l Survey ( G r i n l a n d s 
Geologiske Understfgelse, abbreviated to G.G.U.). 
1.2 Regional Environment 
The Gardar a l k a l i n e province, to which the Gr^nnedal-lka 
complex belongs, comprises the youngest d i v i s i o n o f the Precambrian 
of South Greenland. The province c o n s i s t s c h i e f l y of a s e r i e s of 
p l u t o n i c a l k a l i n e i n t r u s i o n s a k i n to the Grgfnnedal-Ika complex, 
which are exposed between I v i g t u t , Nunarssuit and I g a l i k o ( F i g . 1 . 1 ) . 
The rock types represented i n these complexes range from gabbro to 
a l k a l i g r a n i t e , s y e n i t e and nepheline s y e n i t e , the s a l i c types being 
g r e a t l y predominant. Igneous l a y e r i n g has been developed i n many 
of the a l k a l i n e complexes and t h i s f a c t , together w i t h the great 
s i z e of the l a r g e r bodies and the development of e x o t i c rock types 
i n some of them, p l a c e s the Gardar among the most important a l k a l i n e 
provinces i n the world. 
General accounts o f the geology of the a r e a a r e given by 
B e r t h e l s e n and Noe-Nygaard (1965) and Bridgwater (1965). The 
c h a r a c t e r and e v o l u t i o n of the Gardar province i s d i s c u s s e d by 
these authors and by Srfrensen (1966), Watt (1966) and Upton ( i n 
p r e s s ) . D e s c r i p t i o n s of some of the l a y e r e d i n t r u s i o n s , compiled 
from the work of i n d i v i d u a l authors, are a l s o given i n the volume 
by Wager and Brown (1968). 
The Gardar p e r i o d i s marked by i n t e n s e f a u l t i n g . The dom-
in a n t group of f a u l t s extends widely a c r o s s southern Greenland, 
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FIGURE 1.1 
General g e o l o g i c a l map of the Gardar province, a f t e r 






















the f a u l t s having a WNW-ESE trend. They are l a r g e wrench-faults 
which emerge i n the Gardar a r e a as the bounding f a u l t s of two 
l a r g e wrench-fault b l o c k s passing with the same trend through I v i g t u t 
and Nunarssuit ( F i g . 1 . 1 ) . Of equal t e c t o n i c importance during Gardar 
times was the prominent s e t of three d y k e - f a u l t zones of ENE-WSW 
tr e n d passing through the Iv i g t u t ~ G r # n n e d a l ~ I k a a r e a , the Nun a r s s u i t -
I s o t o r q a r e a and the Tugtutoq-Ilimaussaq-Igaliko area r e s p e c t i v e l y 
( B e r t h e l s e n and Noe-Nygaard 1965). Together t h e two f a u l t systems 
seem to have had con s i d e r a b l e i n f l u e n c e on the s i t i n g of the 
p l u t o n i c i n t r u s i o n s ; n e a r l y a l l of the major i n t r u s i o n s occur w i t h i n 
the d y k e - f a u l t zones, f r e q u e n t l y a t po i n t s where they i n t e r s e c t the 
wrench f a u l t f e a t u r e s . The Gr^nnedal-Ika complex occurs i n the 
f i r s t of the dy k e / f a u l t zones mentioned above, a t i t s i n t e r s e c t i o n 
w i t h the Laksenaes f a u l t , a major component of the wrench f a u l t 
system. Through t h e i r continued a c t i v i t y during much of the Gardar, 
both systems have modified the c o n f i g u r a t i o n of the complex 
conside r a b l y (Emeleus 1964, F i g . 2 5 ) . 
I n a d d i t i o n t o the major plutons, Gardar magmatic a c t i v i t y has 
produced a co n s i d e r a b l e v a r i e t y of dyke rocks.They a r e d e s c r i b e d 
i n the s e c t i o n s of t h i s t h e s i s d e a l i n g w i t h the dykes c u t t i n g the 
Gr^nnedal-Ika complex. 
The Grjzfnnedal-Ika complex i n c l u d e s the most important occurrence 
of c a r b o n a t i t e i n the Gardar province. Minor dykes and plugs of 
ca r b o n a t i t e a r e a l s o seen north of Narssarssuaq (Walton 1965; 
Stewart 1964, 1970). 
1.3 S t r u c t u r e and Petrography of the Complex - a Summary 
Only a very b r i e f o u t l i n e of these aspects of Emeleus 1 (1964) 
paper i s given here, but f u r t h e r observations are made i n l a t e r p a r t s 
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of the t h e s i s where r e l e v a n t . The map of the complex published by 
Emeleus (1964) i s reproduced w i t h permission as P l a t e 1 of the 
t h e s i s , together with h i s r e c o n s t r u c t i o n of the o r i g i n a l form of 
the complex ( P l a t e 2 ) . F i g . 1.2 summarises the h i s t o r i c a l and 
i n t r u s i v e r e l a t i o n s h i p s between the u n i t s defined i n the map, as 
envisaged by Emeleus. The abbreviated names used i n t h i s t h e s i s a r e 
a l s o shown i n the f i g u r e . I t i s proposed to f o l l o w Emeleus 1 p r a c t i c e 
of u s i n g the word " s y e n i t e " to represent "nepheline s y e n i t e " through-
out, u n l e s s the contrary i s s p e c i f i e d . S i m i l a r l y the term " f e l d s p a r " 
may be taken to mean a l k a l i f e l d s p a r . 
From P l a t e 1 and Fig.1.2 i t w i l l be seen th a t the bulk of the 
exposed p a r t of the complex c o n s i s t s of two bodies of laminated 
s y e n i t e , r e f e r r e d to here as the Lower and Upper (Laminated) S e r i e s . 
The Lower S e r i e s c o n s i s t s of f o y a i t e , i n which the degree of f e l d s p a r 
lamination i s sometimes marked. B i o t i t e and a t l e a s t some of the 
a e g i r i n e - a u g i t e have grown i n t e r s t i t i a l l y , together w i t h v a r i a b l e 
amounts of c a n c r i n i t e . I n many p l a c e s the f r e s h l i l a c - g r e y f o y a i t e 
passes i n t o a brown a l t e r e d e q u i v a l e n t , and the Lower S e r i e s f o y a i t e 
i s mantled on the west and north-west by a s i m i l a r l y a l t e r e d Coarse-
Grained Brown S y e n i t e . The f o y a i t e i s i n t e r p r e t e d by Emeleus as a 
bottom accumulation of f e l d s p a r and nepheline from a nepheline 
s y e n i t e magma. The lamination of the f e l d s p a r s i s taken to i n d i c a t e 
m i l d convection i n the l i q u i d body, but m i n e r a l l a y e r i n g i s only 
poorly developed i n t h i s p a r t of the complex. The i n t e r s t i t i a l 
m a t e r i a l i s regarded as the product of c r y s t a l l i s a t i o n of the trapped 
l i q u i d . 
At the bottom of the Upper S e r i e s above the gneiss r a f t , the 
p i c t u r e i s very s i m i l a r , but the f o y a i t e passes upwards a c r o s s an 
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FIGURE 1.2 
Diagrammatic r e p r e s e n t a t i o n of the s u b d i v i s i o n of the 
Gr^nnedal-Ika nepheline s y e n i t e s proposed by Emeleus 
(1964). 
A > B A cut by B. 
A —0-» B X e n o l i t h s of A found i n B. 
A b A and B p o s s i b l y represent same l i q u i d . 
Continuous gradation between two named u n i t s i s represented 
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a r b i t r a r y boundary i n t o the "Pyroxene-rich S y e n i t e " , i n which 
there i s o c c a s i o n a l l y very pronounced mineral l a y e r i n g . L a y e r s 
of more or l e s s normal f o y a i t e a l t e r n a t e with bands r i c h i n 
a e g i r i n e - a u g i t e and minor a p a t i t e . I n the more mafic s y e n i t e s , 
a l k a l i amphibole becomes a prominent i n t e r s t i t i a l ( p o i k i l i t i c ) 
m i n e r a l . 
Above the Pyroxene-rich S y e n i t e , the Upper S e r i e s c o n s i s t s 
of f o y a i t e , sometimes laminated and with o c c a s i o n a l s o d a l i t e , 
grading upwards i n t o s t r o n g l y f e l d s p a t h i c s y e n i t e . At the h i g h e s t 
l e v e l s of the complex t h e r e i s a "Coarse-Grained S y e n i t e " which may 
r e p r e s e n t the uppermost p a r t of the Laminated S e r i e s , but t h i s i s 
not c e r t a i n s i n c e poor exposure conceals the boundary. The 
" X e n o l i t h i c P o r p h y r i t i c S y e n i t e " i s a l a t e r i n t r u s i o n . 
Much of the c e n t r a l p a r t of the complex i s s e v e r e l y b r e c c i a t e d 
and impregnated w i t h carbonate as a consequence of the c a r b o n a t i t e 
emplacement. Carbonate and c a n c r i n i t e are q u i t e common as secondary 
m i n e r a l s i n other p a r t s of the i n t r u s i o n , but c a n c r i n i t e i s a l s o 
found as a l a t e - s t a g e primary m i n e r a l . 
The mineralogy o f the s y e n i t e dykes and the "Granular S y e n i t e s " 
i s q u a l i t a t i v e l y the same as t h a t of the laminated s e r i e s . The 
Granular S y e n i t e s a r e of two types. The B i o t i t e - R i c h Granular 
S y e n i t e forms dykes and s i l l s i n and around the Coarse-Grained 
Brown S y e n i t e , and resembles the marginal f a c i e s of the Lower S e r i e s 
f o y a i t e . I t i s r e f e r r e d t o i n l a t e r chapters as GS-1. The Large-
F e l d s p a r Granular S y e n i t e (GS-2) forms a l a r g e d y k e - l i k e body on 
the north-west f r i n g e of the Brown S y e n i t e . 
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1.4 Sampling for Chemical A n a l y s i s 
A l t e r a t i o n i s widespread i n the undersaturated rocks of the 
Gr^nnedal-Ika complex. I n the s y e n i t e s , nepheline commonly shows 
secondary i n c u r s i o n s of f i b r o u s c a n c r i n i t e and, i n more severe 
cases, of g i e s e c k i t e ( a v a r i a b l e f i n e - g r a i n e d micaceous m a t e r i a l ) . 
I t i s common fo r e i t h e r product to r e p l a c e nepheline completely. 
With f u r t h e r a l t e r a t i o n the m a f i c m i n e r a l s are r e p l a c e d by c h l o r i t e , 
amphibole and/or epidote, and carbonate may be abundant. T h i s stage 
of a l t e r a t i o n o f t e n produces a brown appearance i n hand-specimen. 
Sometimes the coloured m i n e r a l s a r e broken down completely i n t o 
l i m o n i t e or s i m i l a r m a t e r i a l , such as i n the s e v e r e l y a l t e r e d 
phonolites d e s c r i b e d i n S e c t i o n 3. 
The chemical changes brought about by such a l t e r a t i o n may be 
severe, and s e l e c t i o n of the best preserved rocks f o r chemical study 
has been given some p r i o r i t y i n the p r e s e n t work. 
I n many r e s p e c t s the d i s t r i b u t i o n of a l t e r a t i o n i n the Laminated 
S e r i e s i s haphazard, although Emeleus (1964) suggests a tendency f o r 
i t to be more p r e v a l e n t i n poorly laminated and unlaminated r o c k s . 
Two u n i t s are however s y s t e m a t i c a l l y a l t e r e d throughout, namely the 
Coarse-Grained Brown S y e n i t e a s s o c i a t e d w i t h the Lower S e r i e s , and 
the f e l d s p a t h i c s y e n i t e found at the top of the Upper S e r i e s . Neither 
of these u n i t s was sampled r e p r e s e n t a t i v e l y i n the f i e l d and, f o r 
s e v e r a l reasons, s y s t e m a t i c chemical study of them has not been 
p o s s i b l e . 
The o b j e c t i v e i n s e l e c t i n g m a t e r i a l for chemical a n a l y s i s from 
the remaining u n i t s i n the Laminated S e r i e s has been to o b t a i n a 
sample which i s r e p r e s e n t a t i v e of a l l exposed p a r t s of the complex 
but which i n c l u d e s only w e l l preserved specimens. I n examining the 
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TABLE 1.1 The coding by which s y e n i t e specimens have been 
c l a s s i f i e d according to a l t e r a t i o n . 
Category 




C r i t e r i a 
C a n c r i n i t e / g i e s e c k i t e i s marginal or 
s l i g h t l y p enetrating i n t o nepheline. 
Nepheline i s e x t e n s i v e l y penetrated, 
u s u a l l y by f i b r o u s c a n c r i n i t e , but 
o v e r a l l e x t i n c t i o n of nepheline i s 
s t i l l c l e a r l y seen. 
G i e s e c k i t e completely r e p l a c e s 
nepheline but other m i n e r a l s a r e 
preserved. 
G i e s e c k i t e i s widely d i s t r i b u t e d , 
m a fic m i n e r a l s are broken down i n t o 
c h l o r i t e , epidote, amphibole or opaques. 
Carbonate and c a n c r i n i t e are often 
abundant. 
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rock c o l l e c t i o n i n t h i n s e c t i o n , a s c a l e as shown i n Table 1.1 
has been a p p l i e d to subdivide the specimens i n t o c l a s s e s r e p r e s e n t -
i n g t h e i r s t a t e of a l t e r a t i o n . Adequate coverage of the Laminated 
S e r i e s was found to be obtained by combining a l l appropriate specimens 
i n the " i n c i p i e n t " and "moderate" groups and augmenting them w i t h one 
or two rocks t r a n s i t i o n a l between "moderate" and "severe". The 
sample thus obtained was found to be w e l l d i s t r i b u t e d over the 
v e r t i c a l column, with the unavoidable exception of the uppermost 
pa r t of the Upper S e r i e s , which i s badly a l t e r e d (Emeleus 1964, p.17), 
and t o i n c l u d e specimens from a l l segments of the complex. The 
i n c i d e n c e of a l t e r a t i o n and the d i s t r i b u t i o n of s u p e r f i c i a l d e p osits 
a r e such, however, t h a t i t has not been p o s s i b l e t o assemble a s e r i e s 
of f r e s h rocks forming a t r a v e r s e up the Laminated S e r i e s . 
S i m i l a r standards of p r e s e r v a t i o n apply to the specimens of the 
s y e n i t e dykes, the Granular S y e n i t e s and the X e n o l i t h i c P o r p h y r i t i c 
S y e n i t e s e l e c t e d f o r a n a l y s i s . The t h r e e samples of Coarse-Grained 
Brown S y e n i t e s e l e c t e d are however q u i t e s e v e r e l y a l t e r e d . 
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CHAPTER 2 
CHEMISTRY OF THE NEPHELINE SYENITES 
2.1 ANALYTICAL TECHNIQUES 
The elements S i , A l , t o t a l Fe, Mg, Ca, Na, K, T i , S and P 
were determined by X-ray f l u o r e s c e n c e spectrometry on powder 
b r i c q u e t t e s using a Cr t a r g e t . The method f o r Mn and Zr was the 
same except that a W t a r g e t was used. The a n a l y s e s were c a r r i e d 
out on a P h i l i p s PW 1212 automatic spectrometer equipped with a 
vacuum path. D e t a i l s of c r y s t a l s and other c o n d i t i o n s used 
r o u t i n e l y i n t h i s department a r e given by Reeves (1971). A 
technique (Appendix 4) f o r overcoming i n t e r m i t t e n t e l e c t r o n i c 
i n t e r f e r e n c e has been a p p l i e d to a l l a n a l y s e s reported on the 
s y e n i t e s . Mass-absorption and enhancement d i f f e r e n c e s have 
l a r g e l y been e l i m i n a t e d by using standards very s i m i l a r i n com-
p o s i t i o n to the unknowns; such c o r r e c t i o n s as have been made are 
d e s c r i b e d i n Appendix 2, i n which a l i s t of the standards used i s 
a l s o given. 
F e ( I I ) was determined v o l u m e t r i c a l l y by the method of Wilson 
(1955) and H O and CO by the g r a v i m e t r i c method of R i l e y (1958). 
The i n s t r u m e n t a l d e t a i l s of the determination of the elements 
Rb, Ba, S r , Pb, Zn, L a , Y, Th, U and Nb by X-ray f l u o r e s c e n c e 
spectrometry a r e as given by Reeves (1971). The v a r i o u s c o r r e c t i o n s 
a p p l i e d and the programme 'TRATIO 1 by which the c a l c u l a t i o n s are 
c a r r i e d out are d e s c r i b e d i n Appendix 3. 
The a n a l y t i c a l data, subdivided according to u n i t , are 
t a b u l a t e d i n Appendix 6, together with C.I.P.W. norms. 
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THE LAMINATED SYENITES 
Chemical V a r i a t i o n i n the Lower S e r i e s : C l a s s i f i c a t i o n 
F i g u r e 2.1b shows the f e l s i c normative c o n s t i t u e n t s of 31 
Lower S e r i e s f o y a i t e s p l o t t e d i n the system SiO^-NaAlSiO^tnepheline}* 
K A l S i 0 4 ( k a l s i l i t e ) , together with r e l e v a n t l i q u i d u s f i e l d boundaries 
and i n v a r i a n t p o i n t s from the a r t i f i c i a l system at 1 kb. ^ 
(Hamilton and MacKenzie 1965) and 5 kb. P (Morse 1969). From 
t h i s diagram i t i s c l e a r t h a t the f o y a i t e s extend over a c o n s i d e r -
able composition range w i t h i n the system, but n e v e r t h e l e s s l i e 
w i t h i n a narrow l i n e a r band. At the lower end of the d i s t r i b u t i o n 
there i s a group of rocks whose compositions f a l l i n the nepheline 
f i e l d of the a r t i f i c i a l system at 5 kb. P . Above them i s an 
i l l - d e f i n e d t r a n s i t i o n a l group l y i n g between the n e p h e l i n e - f e l d s p a r 
f i e l d boundaries a t 1 and 5 kb. water vapour p r e s s u r e r e s p e c t i v e l y . 
The remaining compositions l i e i n the f e l d s p a r f i e l d . Among them 
two groupings a r e d i s t i n g u i s h a b l e , one l y i n g c l o s e to the 1 kb. 
f i e l d boundary, the other f a l l i n g near the f e l d s p a r j o i n . 
For convenience of d i s c u s s i o n , the groups so d e f i n e d w i l l be 
r e f e r r e d to as Groups I , I I , I I I and IV r e s p e c t i v e l y . I n F i g . 2.1 
and succeeding f i g u r e s they are d i s t i n g u i s h e d by separate symbols, 
as d e f i n e d i n the caption to F i g . 2.1. The grouping i s n e v e r t h e l e s s 
an a r b i t r a r y one, and a p r i o r i r e p r e s e n t s no more than a continuous 
progression of compositions. 
Microscopic examination r e v e a l s a r e l a t i o n s h i p between the 
petrographic c h a r a c t e r of a rock and i t s p o s i t i o n i n F i g . 2.1b as 
represented by the c l a s s t o which i t i s assigned. The members of 
Group I are p a r t i c u l a r l y d i s t i n c t i v e : euhedral nepheline c r y s t a l s 
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FIGURE 2.1 
a. Compositions of the Lower S e r i e s f o y a i t e s p l o t t e d i n the 
s i l i c a - u n d e r s a t u r a t e d part of the system (Na 0+K 0)«A1 0 -
SiO expressed i n molecular proportions ( B a i l e y and 
Macdonald 1969; G i l l , i n p r e s s ) . The point F r e p r e s e n t s 
the composition of b i n a r y a l k a l i f e l d s p a r . FT i s the 
n e p h e l i n e - f e l d s p a r phase boundary, and Q, m and e are the 
nepheline s y e n i t e minima and e u t e c t i c i n the system SiO^*" 
NaAlSiO -KAlSiCT a t O, 1 and 5 kb P T T n r e s p e c t i v e l y . The 4 4 * H O 
l i n e s A-A1 and B-B* are "sodium-loss l i n e s " , i n d i c a t i n g 
the l o c i of compositions from which s u c c e s s i v e l y g reater 
amounts of sodium are s u b t r a c t e d (see Chapter 6 ) . 
b. F e l s i c normative m i n e r a l s of the Lower S e r i e s f o y a i t e s 
p l o t t e d i n part of the system SiO -NaAlSiO -KAlSiO (weight 
£ r» 
p r o p o r t i o n ) . The i n v a r i a n t p o ints and f i e l d boundaries of 
the system a t 1 kb (Hamilton and MacKenzie 1965) and 5 kb 
(Morse 1969) water vapour pr e s s u r e are a l s o shown ( a s "1 kb" 
and "5 kb" r e s p e c t i v e l y ) . 
I n both diagrams, square symbols r e p r e s e n t w e l l laminated r o c k s , 
c i r c l e s those i n which t h e r e i s poor lamination or none a t a l l . 
Symbols are f i l l e d d i f f e r e n t l y to show the groupings d i s c u s s e d 
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of widely v a r y i n g s i z e a r e found i n great abundance, the s m a l l e r 
ones being often enclosed i n p e r t h i t i c f e l d s p a r whose p o i k i l i t i c 
h a b i t c o n t r a s t s w i t h the well-developed l a t h h a b i t seen i n the 
m a j o r i t y of the f o y a i t e s ( P l a t e 3 ) . The i n t e r s t i c e s of the rock 
a r e u s u a l l y f i l l e d w i t h c a n c r i n i t e , which i s o p t i c a l l y continuous 
over l a r g e a r e a s , rounding o f f the corners of the nepheline c r y s t a l s , 
and w i t h b i o t i t e and a e g i r i n e - a u g i t e . The content of ferromagnesian 
phases i s o f t e n q u i t e l a r g e , and there i s some evidence t h a t a s m a l l 
amount of pyroxene s e t t l i n g has occurred ( f o r example, the synneusis 
c l u s t e r s of pyroxene g r a i n s seen i n some t h i n - s e c t i o n s ) . 
I n the t r a n s i t i o n a l groups I I and I I I , the l a r g e f e l d s p a r 
l a t h s of p e r t h i t i c f e l d s p a r , which a r e r a r e i n the Group I s y e n i t e s , 
assume more normal abundance. Nepheline i s s t i l l a major m i n e r a l , 
and c a n c r i n i t e i s common i n t e r s t i t i a l l y . B i o t i t e and pyroxene occur 
i n v a r i a b l e r e l a t i v e proportions. 
I n c o n t r a s t , the members of Group IV a r e d i s t i n c t i v e f e l d s p a t h i c 
s y e n i t e s i n which pronounced lamin a t i o n of f e l d s p a r has been developed 
( P l a t e 5 ) . Nepheline and i t s a l t e r a t i o n products are r e l a t i v e l y 
s c a r c e ; a l t e r a t i o n to f i b r o u s c a n c r i n i t e and g i e s e c k i t e i s often w e l l 
advanced, p a r t i c u l a r l y when nepheline occurs c l o s e to a r e a s of b i o t i t e . 
The a l t e r a t i o n of the nepheline makes i t impossible t o e s t a b l i s h i t s 
p l a c e i n the order of c r y s t a l l i s a t i o n w ith c e r t a i n t y . Traces of 
euhedral o u t l i n e are often d i s c e r n i b l e , but i n view of the strong 
tendency of nepheline towards idiomorphism t h i s observation may not 
n e c e s s a r i l y i n d i c a t e an e a r l y appearance of the m i n e r a l . B i o t i t e i s 
the dominant ferromagnesian m i n e r a l , o c c u r r i n g i n t e r s t i t i a l l y ; i t i s 
commonly o x i d i s e d and a l t e r e d to c h l o r i t e . 
The a l t e r a t i o n of nepheline i s w e l l advanced i n the s y e n i t e s of 
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Group IV. A l l members of the group a r e corundum-normative, a 
c h a r a c t e r i s t i c which i s often a t t r i b u t a b l e to the breakdown of 
nepheline i n t o micaceous products (see Chapter 6 ) . However, the 
b u l k chemical changes r e s u l t i n g from a l t e r a t i o n a r e regarded as 
s m a l l i n view of the low abundance of nepheline and i t s r e p l a c e -
ment products i n the Group IV r o c k s , and other f a c t o r s may con-
t r i b u t e to t h e i r aluminous c h a r a c t e r . 
More s e r i o u s changes have t o be a n t i c i p a t e d when comparable 
a l t e r a t i o n i s seen i n n e p h e l i n e - r i c h r o c k s . Such i s the case i n 
27092, 27272 and 126703. Reference to F i g . 2.1a shows tha t these 
t h r e e rocks a r e among the most aluminous of the Lower S e r i e s 
S y e n i t e s . The chemical changes accompanying the formation of 
g i e s e c k i t e from nepheline are by and l a r g e l i m i t e d to the l o s s of 
sodium ( s e e Chapter 6) and i n F i g . 2 . l a t h i s process i s represented 
by two "sodium-loss paths" AA' and BB*. Rec o n s t r u c t i o n of p o s s i b l e 
o r i g i n a l compositions f o r the t h r e e rocks mentioned suggests t h a t 
i t may be necessary to a d j u s t the c l a s s i f i c a t i o n based on F i g . 2.1b 
w i t h r e s p e c t to these specimens. I n t h i n s e c t i o n 27092 resembles 
an intermediate-group s y e n i t e r a t h e r than the f e l d s p a t h i c type 
w i t h which i t appears to be a s s o c i a t e d i n F i g . 2 . l b , and i t s 
p o s i t i o n i n F i g . 2.1a suggests th a t i t may belong to e i t h e r Group 
I I I or Group IV. S i m i l a r l y 27272 and 126703 may belong to Groups 
I and I I r e s p e c t i v e l y . 
Composition i n R e l a t i o n to S t r u c t u r a l P o s i t i o n i n the Lower S e r i e s 
Because of the i r r e g u l a r s t r u c t u r e of the Gr^nnedal-fka 
complex, attempts to r e l a t e chemical v a r i a t i o n i n the laminated 
s y e n i t e s w i t h s t r u c t u r a l height or any s i m i l a r concept of p o s i t i o n 
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( c . f . Wager and Deer 1939, Kempe e t a l . 1970) produce no s y s t e m a t i c 
trends whatsoever. The f a i l u r e of t h i s approach, which produces 
r a t h e r s c a t t e r e d p l o t s even when a p p l i e d to a symmetrical i n t r u s i o n 
(Kempe et a l . 1970), may be r e l a t e d to the n e c e s s i t y i n the 
Grjfainedal-fka complex of c o r r e l a t i n g specimens which are w i dely 
d i s p e r s e d along the s t r i k e of lamination or l a y e r i n g . I t has not 
been found p o s s i b l e , f o r the reasons d i s c u s s e d i n Chapter 1, to 
c o l l e c t specimens s y s t e m a t i c a l l y on a complete t r a v e r s e of the 
Laminated S e r i e s . 
There i s n e v e r t h e l e s s a d i s t i n c t c o r r e l a t i o n of rock chemistry 
with position i n the Lower S e r i e s f o y a i t e s , as can be seen from 
F i g . 2.2, i n which specimen l o c a l i t i e s a r e shown i n terms of the 
c l a s s i f i c a t i o n evolved i n the foregoing paragraphs. For the 
purposes of F i g . 2.2, 27092 has been ass i g n e d to Group I I I , 126703 
to Group I I and 27272 to Group I . The symbols used i n F i g . 2.2 a r e 
those d e f i n e d i n the caption to F i g . 2.1. 
F i g . 2.2 shows t h a t the n e p h e l i n e - r i c h s y e n i t e s of Group I a r e 
found i n the lowest exposed p a r t s of the Lower S e r i e s f o y a i t e . (The 
one exception i s 27277, a mafic s y e n i t e whose p o s i t i o n i n F i g . 2.1b 
may be i n f l u e n c e d by the d i s p a r i t y between normative and a c t u a l 
pyroxene compositions. T h i s discrepancy and i t s consequences are 
d i s c u s s e d i n r e l a t i o n to the m afic s y e n i t e s of the Upper S e r i e s , 
where the e f f e c t i s more pronounced). The w e l l laminated f e l d -
s p a t h i c s y e n i t e s (Group I V ) , on the other hand, form a band at the 
very top of the Lower S e r i e s outcrop. The rocks of Groups I I and 
I I I occupy intermediate p o s i t i o n s i n the f i e l d , and i n some cases 
the two o v e r l a p g e o g r a p h i c a l l y . 
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FIGURE 2.2 
Specimen l o c a l i t i e s of the analysed specimens of Lower S e r i e s 
f o y a i t e and Coarse-Grained Brown S y e n i t e , showing the 
geographical d i s t r i b u t i o n of the chemical/petrographic groups 
d i s t i n g u i s h e d i n F i g . 2.1a. Only those p a r t s of the complex 
r e l e v a n t to the Lower S e r i e s are shown. 
0 Q Group IV F e l d s p a t h i c w e l l - l a m i n a t e d 
s y e n i t e s 
0 • Group I I I i I n termediate types 
0 El Group I I J 
O • Group I Ne p h e l i n e - r i c h s y e n i t e s • • Coarse-grained Brown S y e n i t e 
Square symbols re p r e s e n t laminated r o c k s , c i r c l e s those which 
are e i t h e r poorly laminated or not laminated a t a l l . 
Boundaries 
E s t a b l i s h e d and i n f e r r e d l i m i t s of Lower 
S e r i e s f o y a i t e and Brown S y e n i t e 
Boundary between Lower S e r i e s f o y a i t e s 
and Brown S y e n i t e 
Truncated boundaries 
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A s i m i l a r p a t t e r n of m i n e r a l d i f f e r e n t i a t i o n emerges from 
a s e r i e s of marginal s y e n i t e s c o l l e c t e d a t i n c r e a s i n g d i s t a n c e s 
from the gneiss i n a stream s e c t i o n i n south Gr^nnedal ( s e e F i g . 
2.2); the specimen numbers a r e , i n order of i n c r e a s i n g d i s t a n c e 
from the g n e i s s , 27130, 27129, 27127 and 27126. Unfortunately no 
c h i l l r e p r e s e n t i n g the composition of the i n i t i a l Lower S e r i e s 
l i q u i d i s preserved. At 13 metres from the gneiss the rock i s 
of the nepheline«rich type, but at s u c c e s s i v e l y g reater d i s t a n c e s 
i n t o the s y e n i t e (up t o 30 metres) the composition passes through 
Group I I to Group I I I . Group IV i s not represented here. The 
marginal s e r i e s of specimens i s regarded as analogous to the 
Marginal Border Group seen i n the Skaergaard I n t r u s i o n (Wager 
and Deer 1939, Wager and Brown 1968). 
I n F i g . 2.2 the margin between the Lower S e r i e s f o y a i t e and 
the C o a r s e g r a i n e d Brown S y e n i t e i s shown only as a broken l i n e , 
i n r e c o g n i t i o n of the p o s s i b l e c o n t i n u i t y between the two u n i t s 
(Emeleus 1964, p.30). Unfortunately e x t e n s i v e a l t e r a t i o n renders 
the Brown Sy e n i t e u n f i t f o r chemical comparison w i t h the f o y a i t e s , 
and moreover i t has been sampled i n the f i e l d l e s s s y s t e m a t i c a l l y 
than the f r e s h rocks above i t . Petrographic examination of the 
l i m i t e d number of rocks a v a i l a b l e from t h i s u n i t ( f o r example 27123, 
126702 and 31896, the l a s t being shown i n P l a t e 4) r e v e a l s t e x t u r a l 
s i m i l a r i t i e s w ith the rocks of Group I : very abundant m i c a / c h l o r i t e 
pseudomorphs a f t e r nepheline a r e s e t among and often enclosed by 
massive f e l d s p a r c r y s t a l s i n the manner d e s c r i b e d above i n connection 
w i t h the f o y a i t e s of Group I . A v a i l a b l e evidence t h e r e f o r e suggests 
t h a t the p a t t e r n seen i n the Lower S e r i e s f o y a i t e s i n F i g . 2.2 
extends down i n t o the Coarse Grained Brown- S y e n i t e beneath, and that 
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the two u n i t s comprise a s i n g l e s e r i e s , but there i s i n s u f f i c i e n t 
sample coverage to j u s t i f y complete acceptance of t h i s model. 
Chemical V a r i a t i o n i n the Upper S e r i e s 
For convenience, the s y e n i t e s of the Upper S e r i e s have 
been subdivided i n t o "mafic s y e n i t e s " (Thornton-Tuttle 
D i f f e r e n t i a t i o n Index l e s s than or equal t o 7 0 ) , " l e s s - m a f i c 
s y e n i t e s " ( D.I. ^ 8 0 ) and " f e l s i c s y e n i t e s " (D.I.> 8 0 ) . I t must 
be emphasised t h a t the s y e n i t e s r e f e r r e d to as "mafic" and " l e s s 
m a f i c " may c o n s i s t simply of a " f e l s i c " s y e n i t e m a t r i x together 
w i t h v a r i a b l e proportions of cumulus pyroxene (and often a p a t i t e ) ; 
no i m p l i c a t i o n of mafic l i q u i d s of corresponding composition i s 
intended i n the use of such terms. The d i v i s i o n between the 
" f e l s i c s y e n i t e s " and the r e s t corresponds broadly but not i n 
d e t a i l w i t h Emeleus* (1964) d i s t i n c t i o n between F o y a i t e and 
Pyroxene S y e n i t e , the l a t t e r u n i t i n c l u d i n g s y e n i t e s of a l l three 
types d e f i n e d above. 
The compositions of the f e l s i c s y e n i t e s are shown p l o t t e d 
i n the system S i 0 2 ~ N a A l S i 0 4 - K A l S i 0 4 i n F i g . 2.3b. Comparison with 
F i g . 2.1b r e v e a l s s e v e r a l d i f f e r e n c e s between them and the f o y a i t e s 
of the Lower S e r i e s . The great m a j o r i t y of the Upper S e r i e s 
f o y a i t e s have compositions l y i n g c l o s e to the nepheline-feldspar 
phase boundary a t P = 1 kb. Only four specimens have compos-
H 2 ° 
i t i o n s f a l l i n g i n the nepheline f i e l d a t P„ = 5 kb; two are 
H 2 ° 
sodalite-impregnated (27234, 27235) and, together with a t h i r d 
(27140), a r e i s o l a t e d from the major s y e n i t e exposures by super-
f i c i a l d e p o s i t s , and there i s consequently some doubt as to t h e i r 
b earing on d i s c u s s i o n of the Upper S e r i e s i n g e n e r a l . Strongly 
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FIGURE 2.3 
a. Compositions of a l l Upper S e r i e s s y e n i t e s p l o t t e d i n the 
s i l i c a - u n d e r s a t u r a t e d p a r t of the system (Na 0+K 0)«A1 0 
2 2 2 3 
SiO . D e t a i l s are given i n the c a p t i o n to F i g . 2.1a. 
b. Proportions of the f e l s i c normative m i n e r a l s of the " f e l s i c 
s y e n i t e s " o f the Upper S e r i e s p l o t t e d i n p a r t of the system 
SiO -NaAlSiO «KAlSiO„. The r e f e r e n c e p o i n t s and boundaries 2 4 4 
shown are d e s c r i b e d i n the caption to F i g . 2.1b. 
c. Proportions of the f e l s i c normative minerals of the "mafic 
s y e n i t e s " and " l e s s mafic s y e n i t e s " ( s e e t e x t ) of the 
Upper S e r i e s , p l o t t e d as i n F i g . 2.3b. 
The f o l l o w i n g symbols are used: 
% I 'Mafic s y e n i t e s " ( s e e t e x t ) 
0 B "Less mafic S y e n i t e s " 
0 0 " F e l s i c s y e n i t e s " w i t h compositions l y i n g i n the 
f e l d s p a r f i e l d of the system S i 0 2 - N a A l S i 0 4 - K A l S i 0 4 
a t \o = 1 kb* 
O Q " F e l s i c s y e n i t e s " l y i n g i n the nepheline f i e l d a t 
\o = 1 kb' 
Square symbols r e p r e s e n t laminated r o c k s , c i r c l e s those which 
ar e e i t h e r poorly laminated or not laminated a t a l l . T r i a n g l e s 
r e p r e s e n t f e l d s p a t h i c laminated s y e n i t e s found i n the gneiss 
r a f t . 
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f e l d s p a t h i c s y e n i t e s a k i n t o Group IV of the Lower S e r i e s a r e 
not represented i n F i g . 2.3b, but i t must be remembered that 
such rocks are found a t the top of the Upper S e r i e s (Emeleus 
1964, p.17); t h e i r absence from Fig.2.3b merely r e f l e c t s t h e i r 
u n s u i t a b i l i t y f o r chemical study. 
Following the work of Emeleus (1 9 6 4 ) , the mafic s y e n i t e s may 
be regarded as c o n s i s t i n g of f e l s i c s y e n i t e ( i t s e l f a cumulus 
assemblage) to which a v a r i a b l e proportion of cumulus pyroxene 
and a p a t i t e has been added. Depending on the accuracy w i t h which 
the a c t u a l pyroxene composition has been reproduced i n the norm, 
the f e l s i c c o n s t i t u e n t s of such a rock may be p l o t t e d i n the 
system SiO^-NaAlSiO^-KAlSiO^ and compared with the f e l s i c s y e n i t e 
compositions and with r e l e v a n t experimental e q u i l i b r i a (although 
the p r a c t i c e would not be acceptable f o r l i q u i d s of the same 
composition). The mafic and l e s s mafic s y e n i t e s a r e presented i n 
t h i s manner i n F i g . 2.3c. I t should be noted however t h a t acmite 
appears i n the norms of only three of them, whereas petrographic 
examination shows tha t the pyroxene i n a l l of these rocks i s 
a e g i r i n e - a u g i t e . T h i s discrepancy probably accounts for the 
tendency to more s o d i c compositions i n F i g . 2.3c than a r e found 
w i t h the f e l s i c s y e n i t e s , a tendency which i s more marked i n the 
case of the mafic s y e n i t e s . Otherwise, there i s no i n d i c a t i o n 
from F i g . 2.3c t h a t the mafic and l e s s mafic s y e n i t e s d i f f e r from 
the f e l s i c s y e n i t e s except with r e f e r e n c e to the greater propor-
t i o n of pyroxene and a p a t i t e . 
While the development of m a f i c l a y e r i n g i s l o c a l l y very 
marked, i t i s c l e a r from F i g s . 2.3b and c t h a t there has been 
22 
FIGURE 2.4 
Specimen l o c a l i t i e s f o r the a n a l y s e d rocks of the Upper 
S e r i e s . Specimens have been subdivided according to norm-
a t i v e m i n e r a l proportions as d e s c r i b e d i n the caption to 
F i g . 2.3. 
Boundaries 
— — — — E s t a b l i s h e d and i n f e r r e d boundaries of the Upper 
S e r i e s ( t h a t i s , excluding the Coarse-Grained 
S y e n i t e and the X e n o l i t h i c P o r p h y r i t i c S y e n i t e ) . 
• Truncated boundaries of the Upper S e r i e s . 
— Relevant f a u l t s . 
S t i p p l e Carbonate and carbonate-impregnated rocks. 
G r 0 n n e d a l 











l i t t l e o v e r a l l d i f f e r e n t i a t i o n among the f e l s i c components such 
as to produce i n the Upper S e r i e s the c o n t r a s t e d assemblage seen 
i n the Lower S e r i e s f o y a i t e . A very minor dependence on s t r u c t u r a l 
height may be d i s t i n g u i s h e d i n t h a t the s l i g h t l y more f e l d s p a t h i c 
s y e n i t e s tend to be found low i n the laminated s e r i e s or c l o s e to 
the margin of the complex. 
A p p l i c a t i o n of Factor A n a l y s i s to Chemical V a r i a t i o n i n the 
Laminated S e r i e s 
The Harker v a r i a t i o n diagram, though providing a u s e f u l means 
of i l l u s t r a t i n g chemical v a r i a t i o n i n v o l c a n i c rock s e r i e s , has 
l i t t l e meaning when a p p l i e d t o cumulate rocks. The chemical com-
p o s i t i o n of any such rock c o n s i s t s of a t l e a s t two components; the 
cumulus c r y s t a l assemblage c o n s i s t i n g of one or more m i n e r a l s p e c i e s 
and a component r e p r e s e n t i n g the v a r i a b l e proportion of contempor-
aneous l i q u i d trapped i n the i n t e r s t i c e s among the c r y s t a l l i n e 
d e p o s i t . I n a d d i t i o n other i n f l u e n c e s may operate,such as adcumulus 
growth or a l t e r a t i o n . Chemical v a r i a t i o n of t h i s complexity i s not 
of the monotonic type to which the Harker diagram and i t s l a t e r 
d e r i v a t i v e s can u s e f u l l y be a p p l i e d . When i n a d d i t i o n , as i n the 
present case, i t i s not f e a s i b l e t o p l o t data a g a i n s t s t r u c t u r a l 
parameters, the p e t r o l o g i s t i s deprived of simple g r a p h i c a l means 
of d i s p l a y i n g p a t t e r n s of v a r i a t i o n i n a n a l y t i c a l data. 
V a r i a t i o n of s i m i l a r complexity i s often found i n the geo-
chemistry of sedimentary rock systems, and notable advances have 
been made i n t h i s f i e l d r e c e n t l y through the a p p l i c a t i o n of m u l t i -
v a r i a t e s t a t i s t i c a l methods of data r e d u c t i o n , of which the most 
v e r s a t i l e i s f a c t o r a n a l y s i s (Spencer 1966, Spencer e t a l . 1968, 
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Reeves and Saadi 1971). I t i s p o s s i b l e that f a c t o r a n a l y s i s has 
an e q u a l l y promising f u t u r e as a d e s c r i p t i v e t o o l a p p l i e d to 
complex igneous systems, and i t s a p p l i c a t i o n t o the Laminated 
S e r i e s of the Grjfrinedal-Ika complex i s d e s c r i b e d i n the f o l l o w i n g 
pages. The technique has a l s o been used on ana l y s e s of a s u i t e of 
p e r a l k a l i n e phonolites from the same area ( s e e Chapters 5 and 6 ) . 
F a c t o r a n a l y s i s i s the s y s t e m a t i c n u n e r i c a l a n a l y s i s of the 
v a r i a n c e and covariance of a given body of data. I t s purpose i s 
to reduce the complex p a t t e r n of c o r r e l a t i o n s among a l a r g e number 
of v a r i a b l e s t o a simpler s e t of r e l a t i o n s h i p s between a handful of 
compound v a r i a b l e s , which are c a l l e d f a c t o r s . When a s a t i s f a c t o r y 
s o l u t i o n i s obtained, i t i s u s u a l l y p o s s i b l e to a s s o c i a t e each of 
the major f a c t o r s with the operation of a p a r t i c u l a r p h y s i c a l or 
chemical c o n t r o l a c t i n g on the system. I n t e r p r e t a t i o n of the 
f a c t o r p a t t e r n , t h a t i s , a s s i g n i n g p h y s i c a l meaning to the a s s o c -
i a t i o n s which emerge from the f a c t o r a n a l y s i s , i s achieved by v i s u a l 
examination of the s t r u c t u r e of each f a c t o r (expressed i n terms of 
the loadings of the elements c o n t r i b u t i n g t o i t ) and of the r d a t i v e 
c o n t r i b u t i o n i t makes to the composition of each rock (the f a c t o r 
s c o r e s ) . I t should be emphasised t h a t f a c t o r a n a l y s i s i t s e l f 
produces no i n t e r p r e t a t i o n ; i t s purpose i s merely to assemble the 
data according to the a s s o c i a t i o n s found i n i t , i n a form which 
i s the most amenable to g e o l o g i c a l , p h y s i c a l or chemical i n t e r -
p r e t a t i o n . 
The f a c t o r a n a l y s i s c a l c u l a t i o n s reported here have been c a r r i e d 
out using a computer programme w r i t t e n i n PL-1 (IBM Programming 
Language 1) by M.J. Reeves. I t i s d e s c r i b e d i n d e t a i l by Reeves 
£5 
(1971). The v a r i o u s s o l u t i o n s a v a i l a b l e , the n o t a t i o n used i n 
d e s c r i b i n g them and the c r i t e r i a for choosing the most approp-
r i a t e s o l u t i o n f o r a given purpose and s e t of data a r e o u t l i n e d 
i n Appendix 5. 
A p p l i c a t i o n to the Lower S e r i e s 
A box diagram r e p r e s e n t i n g the Promax s o l u t i o n , w i t h k=3, 
f o r the f o y a i t e s of the Lower S e r i e s i s shown i n F i g . 2.5. The 
Group IV f e l d s p a t h i c s y e n i t e s have been omitted from the f a c t o r 
a n a l y s i s f o r the f o l l o w i n g reason. Care has to be e x e r c i s e d , i n 
using f a c t o r a n a l y s i s , that the population being considered i s 
s u b j e c t to a s i n g l e s e t of c o n t r o l s , and does not i n c l u d e a subset 
of q u i t e d i f f e r e n t a f f i n i t y . The pronounced d i f f e r e n c e which e x i s t s 
between the f e l d s p a t h i c s y e n i t e s and the remainder of the Lower 
S e r i e s , considered i n the l i g h t of the s i m i l a r d e n s i t i e s of f e l d -
spar and nepheline, suggests t h a t t h i s c o n d i t i o n may not be met 
i f the f e l d s p a t h i c s y e n i t e s a r e included. Moreover the f e l d s -
p a t h i c s y e n i t e s may be regarded as a monomineralic deposit t o a 
f a r greater extent than i s t r u e of the f o y a i t e s i n g e n e r a l . Conseq-
ue n t l y t h e r e i s a danger tha t t h e i r i n c l u s i o n w i l l impose on the 
data as a whole trends which p r o p e r l y apply only t o one subset. 
There i s no l o s s of v a l i d i t y brought about by excluding a p a r t i c u l a r 
subset from the f a c t o r a n a l y s i s ; indeed the technique improves i n 
r e s o l u t i o n as the s t r u c t u r e behind the data i s made si m p l e r , and i t 
i s p r e f e r a b l e when i n doubt to e r r i n t h i s d i r e c t i o n . For s i m i l a r 
reasons the m afic s y e n i t e 27277 has a l s o been omitted, s i n c e the 
development of mafic l a y e r i n g i s not r e p r e s e n t a t i v e of the S e r i e s 
as a whole. 
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FIGURE 2.5 
A box-diagram ( s e e Appendix 5) of the major f a c t o r s i n d i c a t e d 
by R-mode f a c t o r a n a l y s i s a p p l i e d t o the Lower S e r i e s f o y a i t e s 
omitting rocks of Group IV and the mafic s y e n i t e 27277. The 
f i g u r e r e f e r s to the Promax oblique s o l u t i o n w i t h k=3; the 
corresponding numerical data a r e given i n Appendix 5. 
C o r r e l a t i o n s between f a c t o r s a r e i n d i c a t e d by l i n k a g e s between 
boxes. Those w i t h p o s i t i v e c o e f f i c i e n t s are shown above the 
boxes, those with negative c o e f f i c i e n t s appear below. 
An element i s entered i n a given f a c t o r when i t s loading 
exceeds0.3, t h a t i s , when the f a c t o r accounts f o r more than 
10% of the v a r i a n c e of the element. 
F a c t o r s accounting f o r the l e s s than 5% of the t o t a l v a r i a n c e 
a r e not shown. 
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The factor pattern shown i n Fig. 2.5 contains a l l factors 
accounting individually for more than 5% of a l l the variance i n 
the data. Two factors are found to be dominant, factors 7 and 8. 
Factor 8, which accounts for 26% of the t o t a l variance, i s a complex 
factor consisting c h i e f l y of Zr, Mn, Ca and t o t a l Fe opposed to Na 
and A l . This association of elements appears to represent variation 
i n the proportion of pyroxene. From the positive loadings of Fe , 
Mn and Ca and the negative loading of Na, one concludes that the 
pyroxene, though a l k a l i n e , i s not acmite-rich. There i s no obvious 
correlation between factor 8 and the degree of lamination of the 
rock recorded i n the f i e l d . This observation suggests that the 
proportion of trapped l i q u i d i s not the only factor determining 
the amount of pyroxene present (Chapter 1 ) , although the lack of 
correlation may be due i n part to the inherent d i f f i c u l t y i n 
estimating the true degree of lamination. 
The prominence of Zr i n factor 8 i s consistent with occasional 
reports of high Zr concentrations i n pyroxenes separated from 
alkaline rocks (Kempe and Deer 1970). The igneous geochemistry of 
Zr i s dominated by i t s i n a b i l i t y to substitute for other metals i n 
s i l i c a t e minerals, and therefore the presence of microscopic i n c l -
usionsof zircon appears to be the most 1 i k e l y explanation for such 
observations. Electron microprobe analyses of a l k a l i pyroxenes i n 
the phonolite dykes (Chapter 4) do not indicate high concentrations 
of Zr i n the l a t t i c e (unpublished r e s u l t s ) . 
Factor 7 i s nearly equal i n importance to factor 8. I t i s 
composed p r i n c i p a l l y of S i , K and Rb opposed to Na, Al and P, and 
c l e a r l y r e f l e c t s variation i n the r e l a t i v e proportion of nepheline 
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and potassic feldspar ( c . f . Fig. 2.1). The factor scores (Appendix 
5) reproduce the c l a s s i f i c a t i o n into Groups I , I I and I I I , a group-
ing which has been discussed above (p.13 ). The strong loading for 
Rb merely r e f l e c t s the coherence between Rb and K. The positive 
loading for Nb and the negative ones for Mg, Ca and P probably rep-
resent a correlation of these elements with structural height. I t 
has been established that the nepheline:feldspar r a t i o varies sys-
tematically with structural height ( F i g . 2.2), and the loadings i n 
factor 7 suggest that apatite may be concentrated at the bottom of 
the Lower S e r i e s , together with r e l a t i v e l y magnesian mafic minerals, 
while Nb i s enriched i n the residual l i q u i d fraction which formed 
the upper part of the Lower Series foyaite. 
I t may be noted that carbon dioxide does not enter into factor 
7, which suggests that the high degree of silica-undersaturation 
seen i n Group I i s not brought about by the growth of i n t e r s t i t i a l 
c ancrinite but does i n fact r e f l e c t a high abundance of nepheline. 
Ba and Sr are opposed to Zn and Nb i n factor 6. The a f f i n i t y 
which Ba and Sr normally show for K i n f e l s i c s i l i c a t e s suggests 
that factor 6 i s broadly related to the proportion of the f e l s i c 
phases i n the rock. This interpretation i s supported by the negative 
correlation with factor 8 (pyroxene and zircon) and factor 3 ( b i o t i t e 
see below), and by the negative loadings for Zn and Nb, both elements 
being associated with i n t e r s t i t i a l ferromagnesian phases. 
Factor 5 has a strong negative loading on CO , with minor 
associations of Nb, Pb and Mg. The factor accounts for nearly a l l 
the observed variance i n carbon dioxide, and nearly 10% of the 
t o t a l variance of the population. I t indicates that the di s t r i b u t i o n 
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of CC>2 i s largely independent of other elements, although there 
i s a considerable negative correlation with factor 8. One cannot 
attach much significance to the minor loadings of Nb, Mg and Pb. 
Factor 4 i s a homopolar factor i n La and Y. The absence of 
a correlation between t h i s factor and factor 7, which contains a 
contribution from apatite, implies that the rare earth metals are 
broadly distributed among the s i l i c a t e phases as well as apatite, 
and have not been seriously depleted i n the magma by the apparent 
early fractionation of phosphate. From the positive correlation 
with factor 8, one concludes that r e l a t i v e l y high concentrations 
may exist i n pyroxene and/or zircon. 
Factor 3 consists of an unusual association between T i , P and 
Mg. The p o s s i b i l i t y that these elements are associated with early 
(magnesian) pyroxene, perhaps accompanied, as i n the Upper Series , 
by apatite, seems to be ruled out by the absence of correlation 
with factors 8 (pyroxene) or 7 ( s t r u c t u r a l height). P a r t i c u l a r l y 
with respect to T i and Mg, there seems to be a tenuous connection 
between factor 3 and the distribution of b i o t i t e among the specimens 
analysed. B i o t i t e i s widespread i n most syenite units of the 
complex, occurring i n t e r s t i t i a l l y and sometimes forming large 
p o i k i l i t i c c r y s t a l s . This interpretation of factor 3 i s supported 
by X-ray d i f f r a c t i o n experiments, by which small amounts of b i o t i t e 
are readily i d e n t i f i e d without mechanical separation from the rock. 
The r e s u l t s of these experiments are given i n Fig. 2.6, which shows 
the correlation between factor scores of factor 3 and the intensity 
u 
of the 10A diffractometer peak of b i o t i t e for a representative sample 
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FIGURE 2.6 
The relationship between factor 3 score and the intensity of the 
o 
10.2A X-ray d i f f r a c t i o n r e f l e c t i o n of b i o t i t e for ten samples of 
foyaite from the Lower Series. Smear mounts were prepared from 
whole-rock powder samples, and the r e s u l t s were obtained using 
a Philips diffractometer comprising PW 1130 generator, PW 1060 
goniometer and PW 4620/4630 electronics panels, run under the 
following conditions: 
Target: Co. Power:60 kV.25mA. Sealed proportional counter EHT. 
1.55 kV. 
Ratemeter 2x10 . Time constant 4 sees. Pulse height discrimination 
used with 3cr channel width. 
Scan speed J deg. min.**1 
S t a t i s t i c s 
Specimen number Peak height Factor score 
% f.s.d. 
27092 7 -0.19 
27118A 69 1.62 
27126 19 0.80 
27127 22 1.25 
27129 3.5 -0.92 
27159 6 -0.53 
27202 17 0.42 
27267 15 0.62 
39723 10 0.90 
126713 52.5 1.76 
A correlation c o e f f i c i e n t of 0.93 has been calculated for the 
association between l o g ^ Q ( I ) and factor score (factor 3 ) . 
Reference to tables (Davies 1954 p.276) shows that for ten 
degrees of freedom t h i s correlation has significance at better 
than the 0.1% l e v e l . 
< 
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of ten gieseckite-free* foyaites from the Lower Series. The 
X-ray d i f f r a c t i o n r e s u l t s , though lacking quantitative refinement, 
provide satisfactory confirmation of the identity of factor 3. 
Factor 2 evidently represents oxidation of ferrous iron i n a 
manner related to water content; indeed the factor explains nearly 
a l l the common-factor variance of water. The data available does 
not allow t h i s factor to be i d e n t i f i e d more precisely. 
The identity of factor 1 i s not clear. Pb, the dominant 
component, i s present i n the syenites at a l e v e l close to the 
an a l y t i c a l detection l i m i t and consequently the error-variance i s 
high. I t i s therefore reasonable to interpret t h i s minor factor 
tentatively as representing the error-variance of Pb, but no 
explanation i s then given of the association with Zr (and Nb), 
which also occurs i n the Upper Series factor analysis solution 
(see below). Nor i s the correlation with factors 2 and 8 accounted 
for. The significance of t h i s factor i s not great, however, since 
i t accounts for only 6% of the variance observed i n the Lower Series 
syenites. 
*The absence of micaceous al t e r a t i o n products i s important i n 
this context, since muscovite has a basal spacing more or l e s s 
indistinguishable from, that of b i o t i t e . The two minerals can 
be distinguished on the basis of the 060 r e f l e c t i o n (Warshaw and 
Roy 1961), but the whole rock diffractogram i s found to be too 
complex i n the appropriate region to allow positive i d e n t i f i c a t i o n 
of the peak to be made. 
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Application of Factor Analysis to the Upper Series 
Fig. 2.7 summarises the Promax oblique solution for a l l 
the syenites of the Upper Series. The Coarse-Grained Syenite, 
provisionally regarded as part of the Upper S e r i e s , has been 
excluded. Five factors together account for 93% of the observed 
variance. The pattern i s dominated by factor 5, which alone i s 
responsible for 50% of the t o t a l variance. I t records the v a r i -
ation i n the proportion of the non-felsic cumulus phases, pyroxene 
and apatite. Strong negative loadings on S i , A l , K and Rb oppose 
the ferromagnesian components, but Na does not appear at a l l . 
This f a c t , together with the dominance of F e 1 1 1 among the positive 
loadings, suggests that, i n contrast to that of the Lower Series , 
the pyroxene i s acmite-rich. Moreover, whereas i n the Lower Series 
pyroxene and apatite were found i n separate factors, they occur i n 
the same factor i n the Upper Se r i e s , i n agreement with petrographic 
observation (Emeleus 1964 p.18). There i s no evidence as to how 
the rare-earth metals, which display strong loadings i n factor 5, 
are distributed between the s i l i c a t e and phosphate phases. 
Factor 4 contains an element representing a l t e r a t i o n of 
nepheline to gieseckite, a process i n which water and possibly 
carbon dioxide are gained by the rock at the expense of Na (see 
Chapter 6 ) . The factor scores correlate broadly with the extent 
of alteration seen i n thin section, although i t i s not always 
possible to identify the fine-grained products with confidence. 
The association of Sr with t h i s process i s consistent with the 
pattern seen i n the phonolite dykes described i n Chapter 4, but 
that of Ba i s open to no obvious explanation. 
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FIGURE 2.7 
Box diagram representing the major factors of the Promax 
solution with k=3 for a l l rocks of the Upper Series syenites 
excluding the members of the Coarse-Grained Syenite and the 
sodalite-impregnated syenites 27234 and 27235. The corres-
ponding numerical data may be found i n Appendix 5. Other 
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The variance of CO^ i s shared nearly equally between factors 
4 and 3. In the l a t t e r , i t i s associated with Nb, Zn and Ti and 
strongly opposed by P. Thus the behaviour of Cc>2 i s different 
between the Lower and Upper Series; i n the Lower Series i t appears 
to be largely independent of other elements. The significance of 
the antipathy between CO^ and P i n the Upper Series i s not c l e a r . 
Factor 2 has a structure which may be associated with 
variation i n the proportion of b i o t i t e present, an interpretation 
which has been confirmed by X-ray d i f f r a c t i o n (Fig. 2.8) i n the 
manner described i n connection with the Lower Series. Factor 1 i s 
also reminiscent of the Lower Series by virtue of the association 
between Pb and Zr. 
There are several respects i n which the Promax solution for 
the Upper Series as a whole f a i l s to y i e l d to simple petrological 
interpretation. The lack of d e f i n i t i o n shown by some of the factors 
may to some extent be due to the dominance of factor 5, and i t i s 
possible that a clearer pattern would emerge i f t h i s factor were 
to be supressed. This may be achieved by defining for factor 
analysis a sub-set of the Upper Series syenites i n which there i s 
l i t t l e cumulus pyroxene. Accordingly the Promax solution for the 
" f e l s i c syenites" alone i s presented i n Fig. 2.9. I n spite of the 
r e l a t i v e l y f e l s i c character of the rocks i n t h i s sample, the pre-
dominant component of the factor pattern s t i l l appears to be a 
pyroxene factor, accounting for 26% of the t o t a l variance. The 
pyroxene i s associated with zircon i n a manner similar to the Lower 
Series factor 8, rather than with phosphate. The next factor i s of 
nearly equal importance; i t i s a b i o t i t e factor which i s found to 
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FIGURE 2.8 
a. The relationship between the score of factor 2 (Promax 
solution for a l l the Upper Series syenites) and the 
o 
intensity of the 10.2A X-ray d i f f r a c t i o n r e f l e c t i o n of 
b i o t i t e for ten samples from the Upper Series. 
b. The relationship between the score of factor 6 (Promax 
solution for the " f e l s i c syenites" alone)and the intensity 
o 
of the 10A X-ray d i f f r a c t i o n r e f l e c t i o n of b i o t i t e for 
nine f e l s i c syenites from the Upper Series (see Fig. 2.9). 
In both instances, the method and conditions used for the 
estimation of b i o t i t e are as described i n the caption to F i g . 2.6. 















































The correlation coefficient between factor 2 and l o g 1 Q ( I ) i n F i g . 
2.8a i s 0.77 which, for ten degrees of freedom, indicates that the 
correlation i s s i g n i f i c a n t at about the 0.5% l e v e l . 
The correlation coefficient between factor 6 and l o g 1 Q ( I ) i n Fig. 
2.8b i s 0.76, corresponding to a significance l e v e l better than 
0.1% (nine degrees of freedom). 
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FIGURE 2.9 
Box diagram representing the major factors of the Promax 
solution with k=3 for the " f e l s i c syenites" of the Upper 
Series. Corresponding numerical data are given i n Appendix 
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correlate well with X-ray d i f f r a c t i o n estimates of b i o t i t e i n the 
whole-rock powders (Fig. 2.8b). A strong positive correlation 
e x i s t s between factors 6 and 7. 
Factor 3 i n the factor analysis pattern obtained from the 
Upper Series as a whole i s resolved into two correlated factors 
(2 & 5) when the f e l s i c syenites are considered alone. Factor 5 
may perhaps represent the oxidation of ferromagnesian minerals; i n 
thin section pyroxene and p a r t i c u l a r l y b i o t i t e are commonly seen to 
be oxidised along the cleavages and sometimes more extensively. 
Unfortunately petrographic confirmation of t h i s model i s hindered 
by the sporadic distribution of b i o t i t e and pyroxene i n thin 
sections of the f e l s i c syenites. 
Factor 4 i s similar to factor 6 for the Lower Series foyaites 
and by analogy probably represents the proportion of f e l s i c com-
ponents i n the rock, although there i s no direct evidence for such 
an interpretation i n the present case. Factor 3, l i k e factor 4 
for the Upper Series as a whole, correlates well with the degree 
of a l t e r a t i o n of nepheline seen i n thin section. The antipathy 
between CO^ and P mentioned above recurs i n factor 2. 
Factor 1 r e f l e c t s the r e l a t i v e proportion of nepheline and 
potassium-rich feldspar. I n contrast to factor 7 of the Lower 
Series, which i s the second most important factor i n the Lower 
Series solution, accounting for 20% of the t o t a l variance, factor 
1 i s the least of the s i g n i f i c a n t factors obtained from the f e l s i c 
syenites of the Upper Series and accounts for a mere 7% of the 
variance. This conclusion provides quantitative support for 
the e a r l i e r observation that nepheline-feldspar d i f f e r e n t i a t i o n 
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i s of l i t t l e consequence i n the Upper S e r i e s . 
F a c t o r A n a l y s i s : Summary of Conclusions 
The a p p l i c a t i o n of R-mode f a c t o r a n a l y s i s to three s e t s of 
a n a l y s e s , r e p r e s e n t i n g r e s p e c t i v e l y the Lower S e r i e s f o y a i t e s , 
the Upper S e r i e s as a whole and the f e l s i c s y e n i t e s of the Upper 
S e r i e s , has l e d to the fo l l o w i n g c o n c l u s i o n s : 
1. A f a c t o r r e p r e s e n t i n g the proportion o f pyroxene, cumulus or 
otherwise, i s the dominant e n t i t y i n a l l three s o l u t i o n s . I n 
the Lower S e r i e s and the f e l s i c s y e n i t e s of the Upper S e r i e s , 
t h e r e i s an a s s o c i a t i o n with Z r , thought t o be present as 
i n c l u s i o n s of z i r c o n . When a l l Upper S e r i e s s y e n i t e s a r e 
considered, a p a t i t e and the r a r e e a r t h elements appear as 
important components. 
2. A v a r i a b l e f a c t o r r e p r e s e n t i n g i n t e r s t i t i a l b i o t i t e i s present 
i n a l l t h r e e p a t t e r n s , accounting f o r most of the v a r i a n c e of 
T i and Mg. 
3. Xn the Lower S e r i e s , t h e r e i s a f a c t o r r e f l e c t i n g the r e l a t i v e 
abundance of nepheline and p o t a s s i c a l k a l i f e l d s p a r ( c . f . F i g . 
2.1), but the i n f l u e n c e of t h i s f a c t o r i s i n s i g n i f i c a n t i n the 
Upper S e r i e s . I n the Lower S e r i e s , the f a c t o r a l s o appears to 
r e f l e c t the v a r i a t i o n of Nb, Mg, Ca and P w i t h r e s p e c t to 
s t r u c t u r a l height. 
4. Ba and S r a r e not c l o s e l y t i e d to any other element or 
s p e c i f i c group of elements. Much of t h e i r v a r i a n c e i s confined 
t o one f a c t o r i n each s o l u t i o n . I t i s p o s s i b l e that t h i s f a c t o r 
i s r e p r e s e n t a t i v e of the f e l s i c (K-bearing) components of the 
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system. P a r a l l e l loadings of K or Na do not occur, p o s s i b l y 
because these elements a l s o occur i n the m a f i c m i n e r a l s 
( b i o t i t e and a l k a l i pyroxene r e s p e c t i v e l y ) . 
5. The r a r e - e a r t h elements a r e a s s o c i a t e d w i t h the pyroxene f a c t o r 
i n every s o l u t i o n , e i t h e r o c c u r r i n g w i t h i n i t or as a separate 
f a c t o r s t r o n g l y c o r r e l a t e d w i t h the pyroxene f a c t o r . 
6. D e u t e r i c and metasomatic phenomena appear to be represented i n 
s e v e r a l forms. I n the Lower S e r i e s , much of the water v a r i a n c e 
i s a s s o c i a t e d w i t h o x i d a t i o n of Fe**, whereas the c o n t r i b u t i o n 
to the a l t e r a t i o n of nepheline i s more important i n the Upper 
S e r i e s . CO^ forms a n e a r l y unique f a c t o r i n the Lower S e r i e s , 
whereas there i s a conspicuous antipathy between CO^ and P i n 
the Upper S e r i e s . 
7. Two unusual geochemical a s s o c i a t i o n s appear p e r s i s t e n t l y : 
Pb+Zr(+Nb) and Nb+Zn. The former i s r e m i n i s c e n t of the i n c i p i e n t 
a l t e r a t i o n f a c t o r seen i n the f a c t o r a n a l y s i s s o l u t i o n f o r the 
w e l l preserved phonolites (Chapter 5 ) . 
2.3 THE GRANULAR SYENITES 
Emeleus (1964) d i s t i n g u i s h e s two v a r i e t i e s of Granular Sy e n i t e ; 
they are a b i o t i t e - r i c h v a r i e t y and a second type which i s marked 
by the t h i c k p l a t y c h a r a c t e r of the a l k a l i f e l d s p a r s . For conven-
i e n c e these types a r e r e f e r r e d to here as GS-1 and GS-2 r e s p e c t i v e l y . 
The former i s found i n sheets c u t t i n g the Brown S y e n i t e and g n e i s s 
on the N.W. margin of the complex, and i n many r e s p e c t s resembles 
f o y a i t e s i n the lower p a r t of the Lower S e r i e s . The GS-2 s y e n i t e 
forms the d y k e - l i k e body which extends from E q a l u i t and the 
Kontaktelv to the northern s i d e of the Laksenaes f a u l t . I n t h i s 
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rock nepheline i s subordinate t o f e l d s p a r , there i s l i t t l e b i o t i t e 
and the pyroxene i s often s t r o n g l y zoned, although the rocks are 
not p a r t i c u l a r l y f i n e - g r a i n e d . 
The Granular S y e n i t e specimens a n a l y s e d a r e shown i n the systems 
Si0 2«Al 20 3-(Na 20+K 20) and Si0 2»NaAlSi0 4-KAlSi0 4 i n F i g . 2.10. 
Examination of the former r e v e a l s that s e v e r a l of the rocks i n t h i s 
group are p e r a l k a l i n e . The use of the normative Qz-Ne-Kp p l o t f o r 
p e r a l k a l i n e rocks has been c r i t i c i s e d by B a i l e y and Macdonald (1969) 
on the grounds t h a t the true proportion of sodium i s misrepresented. 
The reasons are d i s c u s s e d more f u l l y i n Chapter 4 of t h i s t h e s i s i n 
connection w i t h the p e r a l k a l i n e p honolite dykes. I n the present 
case the development of the p e r a l k a l i n e c o n d i t i o n i s s p o r a d i c , and 
the s i m p l e s t way to allow for i t s e f f e c t s i n F i g . 2.10b i s to show 
normative and p r o j e c t e d non-normative compositions s i d e - b y - s i d e . 
The p r o j e c t i o n of the non-normative composition point i n the system 
SiO - A l 0 -Na O-K O i n t o the SiO -NaAlSiO -KAlSiO,, j o i n may be 2 2 3 2 2 2 4 4 ^ 
v i s u a l i s e d as shown i n F i g . 2.11. The non-normative p r o j e c t e d 
composition point f o r each p e r a l k a l i n e rock i s represented i n F i g . 
2.10b by an open symbol j o i n e d to the corresponding normative 
composition. 
I t w i l l be seen immediately f o r F i g . 2.10 th a t the s y e n i t e s of 
GS-1 type encompass a c o n s i d e r a b l e range of compositions, although 
the m a j o r i t y of specimens l i e i n the r e g i o n of the nepheline-
f e l d s p a r phase boundaries at 1 kb and 5 kb P H Q . 27095 i s excep-
2 
t i o n a l i n being p e r a l k a l i n e and more s o d i c and undersaturated than 
i t s f e l l o w s . The cause of the d i s t r i b u t i o n of the GS-1 s y e n i t e s i n 
F i g s . 2.10a and 2.10b i s not e n t i r e l y c l e a r . I t i s p o s s i b l e t h a t 
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FIGURE 2.10 
a. Compositions of the Granular S y e n i t e s p l o t t e d i n the 
s i l i c a - u n d e r s a t u r a t e d part of the system SiO - A l 0 « 
(Na 0+K 0 ) , expressed i n molecular proportions. The 
datum points F, P, T, Q, m and e a r e d e s c r i b e d i n the 
caption to F i g . 2.1. 
b. F e l s i c normative c o n s t i t u e n t s ( c l o s e d symbols) of the 
Granular S y e n i t e s p l o t t e d i n the system SiO^-NaAlSiC^-
KAlSiO^ (weight p r o p o r t i o n s ) . For p e r a l k a l i n e specimens, 
the p r o j e c t i o n s of the composition p o i n t s i n the system 
SiO «A1 0 -Na 0-K 0 on to the SiO -NaAlSiO -KAlSiO,, plane 2 2 3 2 2 2 4 4 r 
are a l s o shown, as open symbols j o i n e d t o the correspond-
i n g normative compositions. 
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FIGURE 2.11 
Schematic r e p r e s e n t a t i o n of the non-normative p r o j e c t i o n of 
a p e r a l k a l i n e composition X i n SiO - A l 0 -Na 0-K 0 i n t o the 
2 2 3 2 2 
j o i n S i 0 2 - N a A l S i 0 4 - K A l S i 0 4 , as X». The l i n e s XX'Y and 
Z-Al^O^ are p a r a l l e l . The p r o j e c t i o n i s the p o i n t a t which 
the l i n e j o i n i n g the quaternary composition to the point on 
the A l 0 -SiO edge w i t h equal SiO proportion i n t e r s e c t s 
the Q-Ne-Kp j o i n . By p r o j e c t i n g i n t h i s manner the S i 0 2 : 





the a l t e r a t i o n of nepheline i n 27271 and 39725 (dotted open 
symbols) and the l a t e - s t a g e formation of c a n c r i n i t e i n 27095 
and 39725 have both c o n t r i b u t e d t o the compositional range 
observed i n these r o c k s . I n s p i t e of the s u p e r f i c i a l resemblance, 
to the trend seen w i t h the l a t e r phonolite dykes (Chapter 4 ) f i t 
i s not probable t h a t f e l d s p a r f r a c t i o n a t i o n has been a major 
f a c t o r i n determining the d i s t r i b u t i o n i n F i g . 2.10, because 
n e a r l y a l l compositions l i e c l o s e to the nepheline-feldspar 
phase boundary. Indeed i n some r o c k s , notably 27095 ( P l a t e 6 ) , 
there i s petrographic evidence f o r the accumulation o f nepheline, 
i n the form of cumulus t e x t u r e s such as are seen i n the nepheline-
r i c h f o y a i t e s of the Lower S e r i e s . 
A l l of the GS-2 s y e n i t e compositions f a l l w e l l w i t h i n the 
experimentally determined f e l d s p a r s t a b i l i t y f i e l d i n the system 
S i 0 2 - N a A l S i 0 4 - K A l S i 0 4 . S e v e r a l a r e s l i g h t l y p e r a l k a l i n e , but i n 
the group as a whole the a l k a l i metals and aluminium appear to be 
balanced. The i r o n content i s somewhat greater than i n GS-1 and 
the o x i d a t i o n r a t i o i s considerably higher, but the MgO and CaO 
contents a re of the same order. The contents of a wide range of 
t r a c e and minor elements are d i s t i n c t l y greater i n GS-2 than i n 
GS-1 ( s e e F i g . 2.15). Many of these elements appear to be con-
c e n t r a t e d i n the p e r a l k a l i n e members of GS-2, which suggests that 
31898 may have been m i s i d e n t i f i e d ; the rock resembles GS-1 
s y e n i t e s i n some r e s p e c t s i n t h i n s e c t i o n , and i t i s r e l a t i v e l y 
m afic and nepheline r i c h . 
I f 31898 i s removed from GS-2, the group becomes a more 
i n t e g r a t e d e n t i t y c o n s i s t i n g of p e r a l k a l i n e , r e l a t i v e l y f e l d s p a t h i c 
s y e n i t e s w i t h a high trace-element content which i s q u i t e d i s -
t i n c t from the other Granular S y e n i t e s . 
2.4 THE COARSE-GRAINED SYENITE 
The a n a l y s e s of seven members of the Coarse-Grained S y e n i t e 
are shown p l o t t e d i n the systems Sio - A l 0 -(Na 0+K 0) and SiO -
2 2 3 2 2 2 
N a A l S i 0 4 - K A l S i 0 4 i n F i g . 2.12. The m a j o r i t y of the rocks i n t h i s 
group a r e p e r a l k a l i n e , and non-normative p r o j e c t e d composition 
points a r e shown i n F i g . 2.12b s i d e by s i d e with the normative 
d a t a - p o i n t s , i n the manner d e s c r i b e d above. The Coarse-Grained 
S y e n i t e covers a range of composition comparable w i t h t h a t of 
the b i o t i t e - r i c h v a r i e t y of Granular S y e n i t e , and l i k e w i s e i t 
extends Well i n t o the nepheline f i e l d i n the Residua system. The 
most s t r o n g l y undersaturated rock, 27285, i s a l s o e x c e p t i o n a l l y 
s o d i c . I n s p i t e of the great d i s p e r s i o n of data-points i n F i g . 
2.12, petrographic ecamination shows a l l members of the group 
to be very n e p h e l i n e - r i c h ( P l a t e 7 ) , w i t h t e x t u r e s r e m i n i s c e n t of 
the Group I f o y a i t e s of the Lower S e r i e s . Thus i t appears t h a t 
much of the d i s p e r s i o n i n the f i g u r e i s due to v a r i a t i o n i n the 
proportion o f ferromagnesian m i n e r a l s , i n which the A l : S i r a t i o 
i s lower. Pyroxene and b i o t i t e a r e p a r t i c u l a r l y abundant i n 27065, 
27280 and 126721. 
The high average content of C 0 2 of the Coarse-Grained S y e n i t e 
i s a t t r i b u t a b l e l a r g e l y to the very great abundance of c a n c r i n i t e , 
which u s u a l l y forms e x t e n s i v e s e m i - p o i k i l i t i c areas e n c l o s i n g 
rounded-off g r a i n s of nepheline ( s e e f o r example 27285, 27287). 
Carbonate i s a l s o abundant i n some t h i n s e c t i o n s . While the l a t t e r 
may be a secondary product introduced during l a t e r c a r b o n a t i t e 
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FIGURE 2.12 
a. Compositions of the Coarse-Grained S y e n i t e s p l o t t e d i n 
the s i l i c a - u n d e r s a t u r a t e d p a r t of the system SiOg-A^O^ 
(Na O K 0 ) , expressed i n molecular proportions. 
b. F e l s i c mornative c o n s t i t u e n t s ( c l o s e d symbols) of the 
Coarse-Grained S y e n i t e specimens p l o t t e d i n the system 
SiO -NaAlSiO -KAlSiO (weight p r o p o r t i o n s ) . For per-2 4 4 
a l k a l i n e specimens the non-normative composition point 
p r o j e c t e d from the system SiO «Al 0 -Na 0-K 0, as 
d e s c r i b e d i n the captions to F i g s . 2.10 and 2.11, i s 
a l s o shown (open symbols). 
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emplacement, the abundance of apparently primary c a n c r i n i t e seems 
to i n d i c a t e e i t h e r t h a t c a r b o n a t i t e a c t i v i t y took p l a c e w h i l s t the 
Coarse-Grained Syenite was s t i l l i n a h y p e r - s o l i d u s c o n d i t i o n , or 
t h a t the l i q u i d from which the s y e n i t e formed was h i g h l y charged 
w i t h primary carbonate. C e r t a i n l y carbonate v e i n s a r e common i n 
the rock. S o d a l i t e i s o f t e n p r e s e n t , sometimes i n a s s o c i a t i o n 
w i t h the carbonate v e i n s (Emeleus 1964 p.18). 
2.5 THE XENOLITHIC PORPHYRITIC SYENITE 
The f e l s i c components of the members of the X e n o l i t h i c 
P o r p h y r i t i c S y e n i t e s e l e c t e d f o r a n a l y s i s are p l o t t e d i n F i g . 2.13. 
From these diagrams i t i s apparent th a t w i t h r e s p e c t to these 
components the S y e n i t e i s r e l a t i v e l y constant i n composition, i n 
c o n t r a s t to the b i o t i t e - r i c h v a r i e t y of Granular S y e n i t e and the 
Coarse-Grained S y e n i t e . The uniformity extends t o other major 
elements. The a l t e r a t i o n of nepheline, which i s p r e v a l e n t i n t h i s 
u n i t , appears to be a dominant source of v a r i a n c e . T h i s i s demon-
s t r a t e d i n F i g . 2.13 by the use of symbols r e f l e c t i n g the s t a t e of 
a l t e r a t i o n seen i n t h i n s e c t i o n , when the a l t e r a t i o n of nepheline 
to g i e s e c k i t e i s taken i n t o account, the X e n o l i t h i c P o r p h y r i t i c 
S y e n i t e i s seen as a uniform u n i t whose composition i s p e r a l k a l i n e 
and l i e s c l o s e to the "dry" nepheline s y e n i t e minimum i n the system 
SiO -NaAlSiO -KAlSiO_. The v a r i a t i o n i n the proportion of mafic 2 4 4 
components i s not great (Table A.9a). 
The average CO content of the XPS i s comparable to t h a t of 
the Coarse-Grained S y e n i t e , and the remarks made i n t h a t context 
have equal v a l i d i t y . 
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FIGURE 2.13 
a. Compositions of the X e n o l i t h i c P o r p h y r i t i c S y e n i t e s p l o t t e d 
i n the s i l i c a - u n d e r s a t u r a t e d p a r t of the system SiO - A l 0 -
(Na WK 0 ) , expressed i n molecular proportions. 
b. F e l s i c normative c o n s t i t u e n t s ( c l o s e d symbols) of the 
x e n o l i t h i c P o r p h y r i t i c S y e n i t e specimens p l o t t e d i n p a r t 
of the system S i 0 2 - N a A l S i 0 4 - K A l S i 0 4 (weight p r o p o r t i o n s ) . 
For p e r a l k a l i n e specimens the non-normative composition 
point p r o j e c t e d from the system S i 0 2 - A l 2 0 3 - N a 2 0 - K 2 0 , as 
d e s c r i b e d i n the captions to F i g s . 2.10 and 2.11, i s 
a l s o shown (open symbols). 
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2.6 THE SYENITE AND MICROSYENITE DYKES 
Dykes of nepheline s y e n i t e and nepheline m i c r o s y e n i t e are 
q u i t e common and from t h e i r appearance i n t h i n s e c t i o n seem t o vary 
somewhat i n type. One may a t t a c h some importance to these rocks 
s i n c e they may i n d i c a t e the range of l i q u i d compositions 'developed 
during the emplacement of the main s y e n i t e u n i t s . F i e l d evidence 
i s a t l e a s t c o n s i s t e n t with view t h a t these dykes are i n many cases 
t r a n s g r e s s i v e e q u i v a l e n t s on the l i q u i d s from which the laminated 
u n i t s were formed and that the dykes and laminated s y e n i t e s belong 
to the same episode of i n t r u s i o n (Emeleus 1964). I n t h i s r e s p e c t 
the dykes are to be d i s t i n g u i s h e d from the abundant f i n e - g r a i n e d 
phonolite dykes which appear by t h e i r i n t e r s e c t i o n s with d o l e r i t e 
dykes to be much l a t e r ; these phonolite dykes a r e d e s c r i b e d i n 
d e t a i l i n P a r t 2 ( a l s o G i l l , i n p r e s s ) . 
I n s p i t e of the petrographic v a r i e t y seen i n the s y e n i t e dykes 
as a whole, there appears to be no simple way i n which they may be 
subdivided. The dykes i n c l u d e two p e t r o g r a p h i c a l l y d i s t i n c t i v e 
groups of m i c r o s y e n i t e s . Together, however, they account f o r fewer 
than h a l f of the specimens c o l l e c t e d , and, because the remaining 
dykes are i n no way d i s t i n c t i v e , a petrographic c l a s s i f i c a t i o n 
would not be u n i v e r s a l l y a p p l i c a b l e . Attempts to d i s t i n g u i s h sub-
groups i n the a n a l y t i c a l data by means of Q-mode f a c t o r a n a l y s i s 
(see Appendix 5) have been u n s u c c e s s f u l , and the a p p l i c a t i o n of 
R-mode f a c t o r a n a l y s i s produced e q u a l l y d i s a p p o i n t i n g r e s u l t s . To 
provide a framework f o r d i s c u s s i o n , the s y e n i t e dykes have t h e r e f o r e 
been subdivided w i t h r e f e r e n c e to both age and petrographic type, as 
shown i n Table 2.1. 
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Table 2.1 S u b d i v i s i o n of the s y e n i t e 
and m i c r o s y e n i t e dykes 
Age Petrographi c 
a f f i n i t y 
C h a r a c t e r i s t i c s Group 
No. 
C u t t i n g 
Lower 
S e r i e s 
P o r p h y r i t i c 
m i c r o s y e n i t e 
("27200-type") 
Strongly f e l d s p a r -
and nepheline-
p h y r i c 
1 
Other 
S y e n i t e 
dykes 
C o a r s e r -
grained 
2 
C u t t i n g 
Upper 
S e r i e s 
M i c r o s y e n i t e 
("31803-type") 
Rare elongate 
f e l d s p a r 
phenocrysts 
B i o t i t e common 
3 
Other s y e n i t e 
dykes 
C o a r s e r -
grained 
4 
P o r p h y r i t i c 
m i c r o s y e n i t e 




a. Compositions of the s y e n i t e and m i c r o s y e n i t e dykes 
p l o t t e d i n the s i l i c a - u n d e r s a t u r a t e d p a r t of the 
system SiO «A1 0 -(Na OtK O) expressed i n molecular 
percent. 
b. F e l s i c normative c o n s t i t u e n t s of the s y e n i t e dykes 
p l o t t e d i n p a r t of the system Si0 2«NaAlSi0 4-KAlSi0 4 
(weight p r o p o r t i o n s ) . For p e r a l k a l i n e specimens, 
non-normative p r o j e c t i o n s a r e shown as d e s c r i b e d 
p r e v i o u s l y . 
Key 









a . 10 
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10 15 Nap+Kp 
b . 
\ 60 40 NaAISiQ / SiO m 70 30 
v 80 20 10 20 30 40 50 
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The groupings which emerge from t h i s s u b d i v i s i o n a r e not 
d i s t i n g u i s h a b l e i n the r e l a t i v e proportions of the f e l s i c c o n s t i t -
uents alone ( F i g . 2.14). Examination of the a n a l y s e s of a wider 
range of elements (Appendix 6, Tables A.6 and A.7) r e v e a l s a more 
c o n s i s t e n t p a t t e r n , however. Groups 1, 2 and 5 a r e found to be very 
s i m i l a r c h emically. The major element chemistry of Group 4 i s 
broadly comparable, but there are d i s t i n c t d i f f e r e n c e s i n the 
contents of CaO, CO and a s s o c i a t e d t r a c e elements. More e x t e n s i v e 
3 
chemical comparisons between u n i t s are d i s c u s s e d i n the f o l l o w i n g 
s e c t i o n . 
The m i c r o s y e n i t e dykes comprising Group 3 a r e of a type 
r e f e r r e d to by Emeleus (1964 p.57) as being s i m i l a r t o the " S c o t t ' s 
Diabase" ( t i n g u a i t e ) group of the I v i g t u t a r e a . They form the l e a s t 
undersaturated group of those defined i n Table 2.1 and a r e d i s t i n g -
u i s h e d by high r a r e e a r t h , niobium and z i n c contents and low concen-
t r a t i o n s of barium and strontium. 
2.7 THE VARIATION BETWEEN THE SYENITE UNITS 
I n the preceeding s e c t i o n s , the chemical v a r i a t i o n observed 
w i t h i n the u n i t s d e s c r i b e d by Emeleus (1964) has been d i s c u s s e d . 
The d i f f e r e n c e s between the u n i t s w i l l now be examined, and f o r 
t h i s purpose the mean compositions of the v a r i o u s s y e n i t e s a r e 
p l o t t e d i n the form of a v a r i a t i o n diagram i n F i g . 2.15. C l e a r l y 
the averages which have been c a l c u l a t e d (Appendix 6, Tables A.6 
and A.7) must be viewed w i t h the g r e a t e s t c a u t i o n on account of 
the n e c e s s a r i l y haphazard sampling d e s c r i b e d i n Chapter 1. Never-
t h e l e s s f o r comparative purposes the means may i n most cases be 
regarded as r e p r e s e n t a t i v e . 
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FIGURE 2.15 
A composite v a r i a t i o n diagram i l l u s t r a t i n g the chemical 
d i f f e r e n c e s between the u n i t s d e f i n e d i n F i g . 1.2 and 
the t e x t . The mean composition of each u n i t i s i n d i c a t e d 
by an open symbol, and the chemical v a r i a t i o n i n the u n i t 
i s i n d i c a t e d by an e r r o r bar, which r e p r e s e n t s the standard 
d e v i a t i o n about the mean; the length of the bar i s two times 
the standard d e v i a t i o n . I n i n s t a n c e s where the standard 
d e v i a t i o n i s too s m a l l to d e p i c t i n t h i s manner, a square 
symbol i s used to re p r e s e n t the mean; i n other cases i t i s 
i n d i c a t e d by a round symbol. For the Upper S e r i e s , the 
composition of the c h i l l i s i n d i c a t e d by a f i l l e d c i r c l e . 
The abbreviated names for the main s y e n i t e u n i t s a r e as 
given i n F i g . 1.2. The s y e n i t e and m i c r o s y e n i t e dykes are 
represented as D l , D2, . . . e t c . , where the number r e f e r s to 
the groups d e f i n e d i n Table 2.1. The Lower S e r i e s f o y a i t e 
i s r e presented by the means of Groups I to I I I together and 
the mean of Group IV alone. A v e r t i c a l l i n e , i n t e r s e c t i n g 
the broken l i n e l i n k i n g adjacent means i n d i c a t e s the mean 
composition o f the Lower S e r i e s as a whole. 
Graduations: 
S i - CO : wt.% oxide. 
2 
Rb - Nb : p.p.m. (weight) metal. 
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The Coarse-Grained Brown S y e n i t e (BS) i s e x c e p t i o n a l i n 
s e v e r a l ways, l a r g e l y as a r e s u l t of i t s a l t e r e d s t a t e . A 1 2 ° 3 
and H 0 + are notably higher than i n any other u n i t , Ba i s somewhat 
higher i n r e l a t i o n to S r , whereas Na 0 i s depleted t o some extent 
r e l a t i v e to SiO , A l (5 and K 0. 
2* 2 3 2 
The high c o n c e n t r a t i o n of the rest-elements Z r , T i , Rb, Pb, 
Zn, L a , Y and Nb i n GS-2 i s remarkable, as are the high content of 
Fe^O^ and the low l e v e l of ^l^O^. I n many r e s p e c t s t h i s s y e n i t e 
i s s i m i l a r to the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , perhaps r e p r e s e n t -
i n g a more d i f f e r e n t i a t e d f r a c t i o n of the same magma. I f 31898 i s 
omitted ( s e e S e c t i o n 2.3), the c h a r a c t e r of GS-2 i s s t i l l more 
s t r i k i n g . 
There i s an emphatic r i s e i n CO^ i n p a s s i n g to the Coarse-
Grained S y e n i t e and the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , and t h i s 
f e a t u r e i s r e f l e c t e d too i n the d i s t r i b u t i o n of Ba and S r . The 
same po i n t s of d i f f e r e n c e d i s t i n g u i s h the dykes of Group 4 from 
the other dyke types. I n c o n t r a s t , the remaining dykes form a 
uniform group, with the exception of the " S c o t t ' s Diabase" type 
which has p a r a l l e l s w i t h the X e n o l i t h i c P o r p h y r i t i c S y e n i t e . 
A s t r i k i n g s i m i l a r i t y e x i s t s between the G r a n u l a r S y e n i t e 
GS-1 and the Coarse G r a i n e d S y e n i t e , except w i t h regard t o the 
elements a s s o c i a t e d w i t h the high l e v e l of c a r b o n a t i t e i n the l a t t e r . 
The d i f f e r e n c e s between the Lower and Upper S e r i e s averages a r e 
obscured by the v a r i a t i o n w i t h i n each u n i t and by the c o n s i d e r a b l e 
sampling u n c e r t a i n t y . Whereas the mean compositions of the minor 
s y e n i t e s may i n most-cases be r e l a t e d approximately t o a l i q u i d 
composition, t h e r e i s i n s u f f i c i e n t evidence a p r i o r i upon which 
54 
to base with confidence a comparable estimate f o r e i t h e r of the 
major s y e n i t e bodies. A major f a c t o r i n t h i s u n c e r t a i n t y i s the 
f e l d s p a t h i c s y e n i t e seen i n both u n i t s , the s i g n i f i c a n c e of which 
i s s u b j e c t to s p e c u l a t i o n . For t h i s reason the f e l d s p a t h i c 
s y e n i t e s of Group IV are omitted from the mean of the Lower S e r i e s 
i n F i g . 2.15. The mean of t h i s group i s given s e p a r a t e l y , and the 
average composition of the Lower S e r i e s as a whole (omitting the 
Brown S y e n i t e ) i s i n d i c a t e d by the v e r t i c a l l i n e on each diagram 
where i t i n t e r s e c t s the j o i n between the two components. 
I n the case of the Upper S e r i e s , the composition of the 
c h i l l specimen (39706B; see F i g . 2.4 and Chapter 3) i s i n d i c a t e d 
by a c r o s s . Supposing t h i s to represent the composition of the 
i n i t i a l l i q u i d , comparison w i t h the mean shows t h a t the components 
of pyroxene and a p a t i t e (Fe 0 , Na 0, CaO, P 0 , L a and Y ) a r e 
s i g n i f i c a n t l y higher i n the l a t t e r , whereas elements c h a r a c t e r i s t i c 
of the f e l s i c components (K 0, A l o 0 , » R b ) a r e lower. From t h i s one 
concludes t h a t the pyroxene-apatite l a y e r s i n the Upper S e r i e s a r e 
over-represented i n the sample of specimens examined. T h i s c o n c l -
u s i o n i s h a r d l y s u r p r i s i n g i n view of the v i r t u a l absence of 
specimens from the F o y a i t e and P u l a s k t t e above the pyroxene-rich 
s y e n i t e , i n which the proportion of ferromagnesian c o n s t i t u e n t s 
i s q u i t e low (Emeleus 1964, p.17). 
There i s a c l o s e s i m i l a r i t y between the composition of the 
c h i l l specimen 39706B and the m a j o r i t y of s y e n i t e dykes 
(e x c l u d i n g Group 3 ) . 
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CHAPTER 3 
FORMATION OF THE COMPLEX 
3.1 INTRUSIVE AND COOLING HISTORY OF THE LOWER SERIES 
Review 
I n Chapter 2 i t was e s t a b l i s h e d t h a t the Lower S e r i e s 
f o y a i t e i s a d i f f e r e n t i a t e d body of rock, the lower p a r t of 
which, immediately above the Coarse-Grained Brown S y e n i t e , i s 
p a r t i c u l a r l y r i c h i n normative and modal nepheline. At higher 
l e v e l s t h e r e appears to be a continuous progression to a 
f o y a i t e approximating i n composition to the nepheline s y e n i t e 
minimum i n the system S i 0 2 - N a A l S i 0 4 - K A l S i 0 4 a t atmospheric 
p r e s s u r e . The very top of the Lower S e r i e s i s however marked 
by a d i s t i n c t i v e laminated p u l a s k i t e w i t h a composition near 
the a l k a l i f e l d s p a r i o i n i n the system SiO -NaAlSiO -KAlSiO , 
2 4 4* 
but l y i n g w e l l t o the p o t a s s i c s i d e of the temperature minimum 
on t h a t j o i n . F e l d s p a t h i c s y e n i t e s a r e a l s o found a t a few 
l o c a l i t i e s i n the gneiss r a f t (Appendix 6, Tables A.7, A.8 and 
A.9) but the rocks appear to be more s o d i c i n composition, and 
the c l e a r t e x t u r a l a t t r i b u t e s of the Lower S e r i e s p u l a s k i t e 
a r e l a c k i n g . 
The p l a c e of the Coarse-Grained Brown S y e n i t e i n t h i s 
scheme i s not a l t o g e t h e r c l e a r . The l i m i t e d evidence a v a i l a b l e 
i s c o n s i s t e n t w i t h the view t h a t i t r e p r e s e n t s a downward con-
t i n u a t i o n of the Group I ( n e p h e l i n e - r i c h ) f o y a i t e . Petrographic 
evidence i s broadly c o n s i s t e n t with t h i s i n t e r p r e t a t i o n and 
indeed some specimens of Brown S y e n i t e (e.g. 31896, P l a t e 4) 
appear to have been e s p e c i a l l y n e p h e l i n e - r i c h . The greater 
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extent of a l t e r a t i o n i n the Coarse-Grained Brown s y e n i t e may 
have been caused by moisture drawn from the w a l l - r o c k s i n t o 
the r e l a t i v e l y dry cumulus deposit where i t abuts upon the 
gn e i s s . A l t e r n a t i v e l y a l t e r a t i o n may have accompanied the 
l a t e r emplacement of the sheets of Granular S y e n i t e , which 
would provide both the a c t i v a t i o n energy and the v o l a t i l e com-
ponents r e q u i r e d for the a l t e r a t i o n process to take p l a c e . 
C r y s t a l F r a c t i o n a t i o n i n the Lower S e r i e s 
Emeleus (1964) regards both the Lower and Upper Laminated 
S e r i e s as being the products of the g r a v i t y accumulation of 
c r y s t a l phases from a l i q u i d undergoing m i l d convective 
c i r c u l a t i o n . The present Lower S e r i e s probably r e p r e s e n t s the 
cumulus deposit from a l a r g e r body of magma, perhaps of the 
dimensions i n d i c a t e d by the present Upper S e r i e s . A body of 
magma having much the same c o n f i g u r a t i o n as the present Lower 
S e r i e s alone i s r u l e d out by the c o n s i s t e n t f e l d s p a r lamination 
a t high angles of dip. I n the f o l l o w i n g paragraphs the apparent 
sequence of c r y s t a l l i s a t i o n from t h i s magma body i s examined. 
The chemical v a r i a t i o n seen i n the lower p a r t s of the 
Lower S e r i e s may reasonably be explained i n terms of the 
i n t r u s i o n of a magma o v e r s a t u r a t e d w i t h r e s p e c t to nepheline. 
I n other words, the f i r s t s o l i d phase to appear on co o l i n g would 
be nepheline, the s e p a r a t i o n of which would d r i v e the l i q u i d 
composition toward the nepheline-feldspar phase boundary. When 
the l i q u i d composition reached t h i s boundary, nepheline and 
f e l d s p a r would c r y s t a l l i s e s i d e by s i d e , but by t h i s time a 
c e r t a i n amount of n e p h e l i n e - s e t t l i n g would have occurred to 
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produce, when superimposed on the subsequent f r a c t i o n a t i o n of 
f e l d s p a r and nepheline i n constant proportion, a continuous 
downward co n c e n t r a t i o n of nepheline i n the cumulus deposit. 
T e x t u r a l r e l a t i o n s h i p s i n the n e p h e l i n e - r i c h f o y a i t e a r e i n 
good agreement with the supposed f r a c t i o n a t i o n of nepheline 
to the bottom of the chamber (Chapter 2 and P l a t e s 3 and 4 ) . 
The e x i s t e n c e of a s i m i l a r t r e n d i n the marginal rocks found 
i n one of the t r i b u t a r i e s of the Radioelv ( F i g . 2.2) i s f u r t h e r 
evidence f or t h i s sequence of events. 
The f e l d s p a t h i c s y e n i t e (Group I V ) a t the very top of the 
Lower S e r i e s c o n s t i t u t e s an abrupt departure from t h i s p a t t e r n . 
The u n i t i s a p e r s i s t e n t one, being found along much of the 
upper boundary of the Lower S e r i e s from the north-west (under 
the g n e i s s r a f t ) down to the Radioelv exposures i n the south 
( d i r e c t l y underneath the Upper S e r i e s ) . The pronounced lam-
i n a t i o n of the f e l d s p a r l a t h s , the compositions of the roc k s , 
c o n s i d e r a b l y to the potassium-rich s i d e of the f e l d s p a r minimum 
and the pa u c i t y of nepheline c o l l e c t i v e l y point to an episode 
of f a i r l y widespread accumulation of f e l d s p a r v i r t u a l l y alone, 
probably from a l i q u i d i n convective motion. There a r e two 
p o s s i b l e mechanisms: e i t h e r f e l d s p a r has been separated 
mechanically from a suspension of f e l d s p a r and nepheline togeth 
i n the l i q u i d , or f e l d s p a r was p r e c i p i t a t e d alone during the 
period of accumulation represented by the f e l d s p a t h i c s y e n i t e s ; 
the nepheline present i n the rocks would then be a r e l a t i v e l y 
l a t e phase to form. 
C r y s t a l s s e t t l i n g i n a magma s i n k w i t h a v e l o c i t y l a r g e l y 
58 
determined by t h e i r s i z e (Stokes* Law) and shape (McNown and 
Malaika 1950). I t i s conceivable that the f e l d s p a t h i c s y e n i t e s 
represent a more r a p i d s e t t l i n g of f e l d s p a r l a t h s , perhaps upon 
the resumption of s e t t l i n g a f t e r the s t e a d y - s t a t e accumulation 
of f e l d s p a r and nepheline i n constant proportion had been i n t e r -
rupted, e i t h e r by c e s s a t i o n of c r y s t a l l i s a t i o n or by a convective 
overturn. The e f f i c i e n c y of such a l a y e r i n g process i s hard t o 
a s s e s s , but r e f e r e n c e t o the l i t e r a t u r e on l a y e r e d complexes ( s e e 
Wager and Brown 1968) suggests the l a y e r s produced i n t h i s way are 
r a t h e r t h i n , of the order of inches or a t the most f e e t . I n b a s i c 
rocks d e n s i t y s e p a r a t i o n i n v a r i a b l y predominates over s i z e and 
shape e f f e c t s , but t h i s i s u n l i k e l y to be t r u e i n the present case*. 
Thickness data are not a v a i l a b l e f o r the f e l d s p a t h i c s y e n i t e s , s i n c e 
they were not i d e n t i f i e d as a u n i t i n the f i e l d . While i t i s poss-
i b l e t h a t they merely form a t h i n l a y e r or l a y e r s , i n which case 
t h i s mechanism might apply, i t seems very u n l i k e l y t h a t a l t e r n a t i n g 
f e l d s p a t h i c and average l a y e r s would be overlooked i n the f i e l d , and 
t h a t sampling would be r e s t r i c t e d t o the former. F i e l d confirmation 
of t h i s point would be of v a l u e . 
An episode of f r a c t i o n a t i o n of f e l d s p a r alone i s o f f e r e d as the 
more probable a l t e r n a t i v e . The change from the f r a c t i o n a t i o n of 
f e l d s p a r and nepheline s i d e by s i d e may have been brought about by 
a change i n the l i q u i d composition to b r i n g i t i n t o the f e l d s p a r 
f i e l d , or by the s h i f t i n g of phase boundaries i n response to changing 
* S i n c e the d e n s i t i e s of nepheline and f e l d s p a r are very s i m i l a r 
(2.56-2.66 and 2-55-2.63 r e s p e c t i v e l y according to Deer e t a l . 1963), 
d e n s i t y s e p a r a t i o n w i l l not be important i n the present ca s e . 
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p h y s i c a l c o n d i t i o n s t o achieve the same e f f e c t . The r e l a t i v e 
m e r i t s of the two a l t e r n a t i v e s a r e considered l a t e r . 
The f o l l o w i n g sequence of l i q u i d u s assemblages i s t h e r e f o r e 
i n f e r r e d f o r the Lower S e r i e s , supposing i t t o have formed a t the 
bottom of a magma chamber l a r g e i n r e l a t i o n to the present (exposed) 
dimensions of the Lower S e r i e s : 
3. Feldspar alone 
2. Nepheline + f e l d s p a r 
1. Nepheline alone 
I n a d d i t i o n , there i s f i e l d and petrographic evidence of the f r a c t -
i o n a t i o n of a e g i r i n e - a u g i t e . Such i n s t a n c e s are i s o l a t e d and minor 
i n the Lower S e r i e s , however, and f o r the time being w i l l be ignored. 
The provenance of the ferromagnesian m i n e r a l s i n general i s considered 
l a t e r . I n the f o l l o w i n g paragraphs c o n s i d e r a t i o n i s given to the 
f a c t o r s r e s p o n s i b l e f o r the changing p a t t e r n s of the major cumulus 
phases o u t l i n e d above. 
The I n i t i a l C ondition of the Lower S e r i e s Magma 
One may suppose from the present d i s t r i b u t i o n of nepheline i n 
the Lower S e r i e s rocks t h a t the composition of the parent l i q u i d i n 
the e a r l y s t ages of f r a c t i o n a t i o n would have p l o t t e d w i t h i n the 
nepheline f i e l d i n the r e s i d u a system a t the r e l e v a n t value of P H Q , 
2 
and t h a t the l i q u i d was at or not f a r below i t s l i q u i d u s . I n the 
present s t a t e of knowledge there appear to be two ways i n which these 
circumstances may have come about. F i r s t l y the nepheline s y e n i t e 
l i q u i d may have been the r e s i d u a l s a l i c d e r i v a t i v e of a h i g h l y 
undersaturated mafic magma such as n e p h e l i n i t e . Phonolites a r e 
a s s o c i a t e d w i t h n e p h e l i n i t e l a v a s i n parte of E a s t A f r i c a (King 1965, 
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Wright 1965, Saggerson and Williams 1964) and i n s p i t e of the 
frequent absence of compositions intermediate between them i t i s 
commonly supposed that the two a r e members of a common f r a c t i o n -
a t i o n sequence ( s e e Wright 1971). There i s however no evidence 
f o r the e x i s t e n c e of nephelinJteor s i m i l a r magma types i n the Gardar 
province and such an o r i g i n f o r the undersaturated magmas of the 
Gr.tfnnedal-Ika complex t h e r e f o r e seems improbable. The question i s 
d i s c u s s e d i n more d e t a i l i n Chapter 8. 
I t seems p r e f e r a b l e t h e r e f o r e to regard the nepheline s y e n i t e 
l i q u i d s of the Gardar province as the r e s i d u a of the f r a c t i o n a l 
c r y s t a l l i s a t i o n of a l k a l i o l i v i n e b a s a l t magma, which i s ubiquitous 
i n the a r e a (Upton 1970), or of the p a r t i a l melting of rocks of 
s i m i l a r mafic composition. One would expect a nepheline s y e n i t e 
l i q u i d d e r i v e d i n t h i s way to approximate i n composition to the 
thermal minimum on the ne p h e l i n e - f e l d s p a r phase boundary i n the 
r e s i d u a system a t the value of P H r e l e v a n t to the source region, 
2 
or, i n the case of a more p r i m i t i v e l i q u i d , to l i e i n the f e l d s p a r 
f i e l d . With r e f e r e n c e to the f e l s i c components above, such a l i q u i d 
would i n the source region be i n e q u i l i b r i u m with nepheline and 
f e l d s p a r , or f e l d s p a r alone ( i n c o n t r a s t to a n e p h e l i n i t e d e r i v a t i v e 
which would i n i t i a l l y be i n e q u i l i b r i u m w i t h nepheline a l o n e ) . 
The f r a c t i o n a t i o n of nepheline alone from such a l i q u i d i n 
the magma chamber of the Lower S e r i e s may be p o s s i b l e , given c e r t a i n 
changes i n p h y s i c a l c o n d i t i o n s i n pass i n g from the source region t o 
the magma chamber. Recent experimental s t u d i e s on the s i l i c a -
u ndersaturated part of the system SiO -NaAlSiO -KAlSiO -H 0 have * 2 4 4 2 
demonstrated th a t the f e l d s p a r f i e l d expands a t the expense of that 
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of nepheline as the water vapour p r e s s u r e i n c r e a s e s (Hamilton and 
MacKenzie 1965, Morse 1969). At the same time the temperature of 
the nepheline s y e n i t e minimum f a l l s , becoming a e u t e c t i c above 5 Kb 
(Morse 1969). Thus the composition of a l i q u i d i n e q u i l i b r i u m with 
f e l d s p a r and nepheline a t a high P would, i f the water p r e s s u r e 
H 2 ° 
were reduced, be enveloped by the nepheline f i e l d . S u p e r f i c i a l l y 
the observation provides a mechanism by which the i n i t i a l f r a c t -
i o n a t i o n of nepheline could be brought about, s i n c e i f the l i q u i d 
remained on the l i q u i d u s during the t r a n s i t i o n , nepheline would 
begin to separate alone. 
I n the context of a w a t e r - s a t u r a t e d magma i n v o l v i n g only 
anhydrous phases, however, such an argument breaks down. Experimental 
work has shown (Morse 1969) t h a t f o r the l i q u i d u s s u r f a c e i n the 
r e s i d u a system (P ^ 5 k b ) , dT/dP i s negative. Thus the r e l i e f 
of water p r e s s u r e causes the liquidus temperature of any composition 
i n t h i s system to r i s e . I f t h i s a p p l i e s to the analogous n a t u r a l 
system a l a r g e change i n P H ^, such as t h a t necessary t o s h i f t the 
2 
n e p h e l i n e - f e l d s p a r phase boundary to the extent i m p l i e d by the model 
under discussion,would cause the l i q u i d to s o l i d i f y r a p i d l y without 
c o o l i n g . I n such circumstances l i t t l e s e t t l i n g would occur and no 
downward concentration of nepheline would be seen, even i f nepheline 
were to p r e c i p i t a t e f i r s t . 
T h i s o b j e c t i o n , based on the dT/dP trend observed i n the water-
s a t u r a t e d r e s i d u a system, would probably cease t o apply e i t h e r i f 
the system a t high p r e s s u r e were undersaturated with r e s p e c t to 
water, or i f i t were s a t u r a t e d but under c o n d i t i o n s i n which a hydrous 
phase ( f o r example, analcime) c o n t r o l l e d the shape of the l i q u i d u s . 
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The p o s s i b l e i n f l u e n c e of these two f a c t o r s w i l l be d i s c u s s e d i n 
turn. 
The behaviour to be expected of a water-undersaturated nepheline 
s y e n i t e magma under v a r y i n g p h y s i c a l c o n d i t i o n s may be explained w i t h 
r e f e r e n c e to the h y p o t h e t i c a l P ( t o t a l ) - T diagram shown i n F i g . 3.1. 
The information upon which t h i s diagram i s based i s drawn from the 
sources given i n the caption; to the extent which the a v a i l a b l e data 
a l l o w s , c e r t a i n a s pects of the diagram have been q u a n t i f i e d approx-
im a t e l y , but the hypothesis i s d i s c u s s e d below i n q u a l i t a t i v e terms 
only. 
Consider the nepheline s y e n i t e l i q u i d on i t s l i q u i d u s a t point 
P. The l i q u i d i s undersaturated with respect to water a t the 
re l e v a n t p r e s s u r e , and the dT/dP of i t s l i q u i d u s i s t h e r e f o r e 
p o s i t i v e ( s e e H a r r i s e t a l . 1970). Suppose th a t the c o n f i n i n g 
p r e s s u r e P^ , on the l i q u i d body i s s i g n i f i c a n t l y reduced, for example 
by the r e l e a s e of the l i q u i d t o a higher l e v e l magma chamber. For 
s i m p l i c i t y , the change i s represented by a v e r t i c a l l i n e (PQQ f) i n 
F i g . 3.1, although i n general the temperature of the l i q u i d may r i s e 
i f the p r e s s u r e change i s r a p i d and a d i a b a t i c ( H a r r i s e t a l . 1970) 
or f a l l i f the magma i s allowed t o l o s e much heat to the w a l l - r o c k 
during a slow passage upwards. I f the r i s e of the l i q u i d i s a r r e s t e d 
a t Q, i t w i l l be in t r u d e d i n a wholly l i q u i d c o n d i t i o n , but i f i t 
continues r i s i n g u n t i l Q*, then i t w i l l have c r y s t a l s of the l i q u i d u s 
p h a s e ( s ) suspended i n i t at the time of i n t r u s i o n , u n l e s s the degree 
of supercooling i s s m a l l . 
During the movement of the l i q u i d u s from P t o Q or Q', PH 0 w i l 1 
change i n sympathy with P_. T h i s may be shown as f o l l o w s . For a 
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FIGURE 3.1 
P o s t u l a t e d P( t o t a l ) - T r e l a t i o n s h i p s a p p l i c a b l e t o a nepheline 
s y e n i t e l i q u i d undersaturated w i t h r e s p e c t to water. The water-
s a t u r a t e d l i q u i d u s and s o l i d u s curves a r e based on the data of 
M i l l h o l l e n (1971) for a n a t u r a l nepheline s y e n i t e and Piotrowski 
and Edgar (1970) f o r a n a t u r a l phonolite. Water-undersaturated 
l i q u i d i have been drawn s c h e m a t i c a l l y by analogy w i t h Yoder and 
T i l l e y (1962) and H a r r i s e t a l . (1970). The point P i s an 
a r b i t r a r y s t a r t i n g point a t which the l i q u i d i s i n e q u i l i b r i u m 
w i t h f e l d s p a r and nepheline. Q and Q' represent points a t 












l i q u i d which i s undersaturated with r e s p e c t to water, one may w r i t e 
PH 0 = ' • 3 ' 1 
2 ~, p 
2 ' T 
where i s the mole f r a c t i o n of water i n the l i q u i d , a c t u a l and 
2 
a t s a t u r a t i o n . Assuming 
(Hamilton e t a l . 1964), one may d e r i v e 
3.2 
Thus the water vapour p r e s s u r e i n a water-undersaturated l i q u i d 
w i l l vary d i r e c t l y w i t h the t o t a l p r e s s u r e . 
A nepheline s y e n i t e l i q u i d f o l l o w i n g the path PQ(Q*) i n F i g . 
3.1 would t h e r e f o r e undergo a pronounced r e d u c t i o n i n P but would 
H 2 ° 
remain above i t s l i q u i d u s f o r the time taken i n passing from P to 
Q and p o s s i b l y beyond. Supposing t h a t the p o s i t i o n of the f e l d s p a r -
nepheline phase boundary i n the r e s i d u a system i s more s e n s i t i v e t o 
P H than P^, t h e r e f o r e , i t i s p o s s i b l e for a r e s i d u a l l i q u i d i n 
2 
e q u i l i b r i u m w i t h both nepheline and f e l d s p a r a t depth t o be found to 
l i e w i t h i n the nepheline f i e l d a t a l e s s e r depth, whether the magma 
i s i n t r u d e d i n a wholly l i q u i d c o n d i t i o n or charged w i t h nepheline 
c r y s t a l s would depend upon the water content and the f i n a l value of 
P T ( F i g . 3.1). 
I t has to be assumed i n t h i s argument that P has g r e a t e r 
H 2 ° 
i n f l u e n c e on the p o s i t i o n of the phase boundaries i n the system 
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S i 0 2 - N a A l S i 0 4 ~ K A l S i 0 4 than P^. Unfortunately experimental v e r i -
f i c a t i o n of t h i s s u p p o s i t i o n i s not a v a i l a b l e , nor has the w r i t e r 
been a b l e to t r a c e end-member (Ab-Ne) P-T data a t high dry p r e s s u r e s 
upon which to base a reasoned p r e d i c t i o n . 
There i s no f i r m i n d i c a t i o n t h a t r e s i d u a l l i q u i d s n e c e s s a r i l y 
evolve under c o n d i t i o n s of water s a t u r a t i o n a t high p r e s s u r e , and 
the r e s i d u a system a t water vapour p r e s s u r e s l e s s than s a t u r a t i o n 
may o f f e r a f r u i t f u l a r e a f o r f u t u r e experimental s t u d i e s . I n the 
present s i t u a t i o n i t i s impossible t o make an o b j e c t i v e assessment 
of the hypothesis developed above. 
For c e r t a i n compositions a t values of greater than 5 kb, 
2 
analcime becomes a l i q u i d u s phase i n the s i l i c a - u n d e r s a t u r a t e d p a r t 
of the r e s i d u a system (Morse 1969, Kim and B u r l e y 1971a, L i o u 1971). 
For a l i q u i d u s c o n t r o l l e d by the melting of a hydrous phase, dT/dP 
i s i n some cases p o s i t i v e . By p o s t u l a t i n g the i n f l u e n c e of such a 
hydrous phase on r e s i d u a l e q u i l i b r i a a t depth, t h e r e f o r e , the dT/dP 
o b j e c t i o n f a c i n g the high-P e q u i l i b r i u m hypothesis d i s c u s s e d 
H 2 ° 
above f o r the Lower S e r i e s i n i t i a l l i q u i d may p o s s i b l y be diminished. 
Recent s t u d i e s however show (Kim and B u r l e y 1971a) tha t dT/dP f o r the 
melting of analcime i n the system Ab-Ne-H 0 a t h i g h p r e s s u r e s i s i n 
f a c t negative, making such a mechanism i n v o l v i n g analcime i m p l a u s i b l e . 
Subsequent Development of the Lower S e r i e s 
On passing upwards through the Lower S e r i e s , the n e p h e l i n e - r i c h 
s y e n i t e s give way to f o y a i t e s of more normal composition. These 
rocks a r e i n t e r p r e t e d as the cumulus products from a l i q u i d whose 
composition c o i n c i d e d w i t h the n e p h e l i n e - f e l d s p a r phase boundary i n 
the n a t u r a l r e s i d u a system. 
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The apparently sudden change of composition from f o y a i t e to 
the laminated p u l a s k i t e (Group IV s y e n i t e s ) a t the top of the Lower 
S e r i e s i s thought to i n d i c a t e a s h i f t i n the r e l a t i v e p o s i t i o n s of 
the l i q u i d composition and the f e l d s p a r - n e p h e l i n e phase boundary. 
Such a change may have been brought about by a f r e s h p u l s e of magma 
r e l a t i v e l y depleted i n the nepheline component, or may represent 
the extension of the f e l d s p a r f i e l d brought about by an i n c r e a s e i n 
P . I t i s even conceivable t h a t both mechanisms c o n t r i b u t e d to 
H 2 ° 
the change i n circumstances. The arguments i n favour of each model 
are d i s c u s s e d i n the f o l l o w i n g paragraphs, i n r e v e r s e order. 
For the changes i n question to have come about through an 
i n c r e a s e of P , the water vapour p r e s s u r e obtaining immediately 
before the formation of the p u l a s k i t e s must have been s u b s t a n t i a l l y 
l e s s than t h a t a t which the l i q u i d would be s a t u r a t e d w i t h water. 
I f t h i s were not so, the supposed i n f l u x of a s u b s t a n t i a l amount of 
water would have l i t t l e i n f l u e n c e on c r y s t a l - l i q u i d phase r e l a t i o n s ; 
i n such circumstances i t s c h i e f e f f e c t would be to c r e a t e , or i n c r e a s e 
the volume of, a separate w a t e r - r i c h f l u i d phase. 
D i r e c t evidence as to the P under which the major part of the 
present Lower S e r i e s accumulated i s not a v a i l a b l e . Furthermore, 
although the v o l a t i l e c o n s t i t u e n t s are often regarded as p l a y i n g an 
important p a r t i n the e v o l u t i o n of the c o n t i n e n t a l a l k a l i n e s u i t e , 
q u a n t i t a t i v e experimental or thermodynamic estimates of P i n 
r e l a t i o n to P T f o r the corresponding magmas do not appear to be 
a v a i l a b l e . Whether the Lower S e r i e s could have formed under P 
H 2 ° 
cond i t i o n s w e l l below s a t u r a t i o n i s t h e r e f o r e not c l e a r . Experimental 
s t u d i e s of water s o l u b i l i t y i n s i l i c a - u n d e r s a t u r a t e d melts i n d i c a t e 
s a t u r a t i o n a t water contents of 4-6% a t 1 Kb and 6-10% a t 2 kb ( P e t e r s 
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e t a l . 1966, Kim and B u r l e y 1971b). One cannot t h e r e f o r e argue 
w i t h confidence th a t the Lower S e r i e s l i q u i d was s i g n i f i c a n t l y 
undersaturated with r e s p e c t to water, because water contents of 
t h i s order of magnitude are not hard to envisage for a nepheline 
s y e n i t e l i q u i d . Moreover a t the stage represented by the f e l d -
s p a t h i c s y e n i t e s , the water content of the r e s i d u a l magma would 
alr e a d y have been r e i n f o r c e d by the deposition of a c o n s i d e r a b l e 
q u a n t i t y of anhydrous c r y s t a l l i n e m a t e r i a l (the present f o y a i t e s 
of Groups I , I I and I I I ) , making an approach towards water-
s a t u r a t i o n y e t more probable. On balance i t seems u n l i k e l y t h a t 
the Lower S e r i e s p u l a s k i t e i s a consequence of a r a p i d change i n 
P H Q , but new evidence may r e q u i r e the r e v i s i o n of t h i s con-
2 
e l u s i o n . 
The a l t e r n a t i v e view i s t h a t the p u l a s k i t e r e p r e s e n t s an 
abrupt change i n the composition of the l i q u i d . F i e l d evidence 
opposes the view th a t much a s s i m i l a t i o n of w a l l - r o c k s has taken 
p l a c e , and one concludes t h a t a f r e s h batch of l i q u i d may have 
been introduced, e i t h e r e x p e l l i n g or contaminating the magma from 
which the f o y a i t e s had been forming. L i m i t i n g the d i s c u s s i o n t o 
magmas which are now i n evidence i n the form of i n t r u s i v e rocks 
i n other p a r t s of the complex, one may d i s t i n g u i s h two i n t r u s i v e 
episodes which would s a t i s f y c h r o n o l o g i c a l requirements i n 
accounting for the f e l d s p a t h i c s y e n i t e s i n t h i s manner. The f i r s t 
a l t e r n a t i v e i s t h a t magma corresponding to GS-2 i n composition 
r e p l a c e d the o r i g i n a l Lower S e r i e s magma. The r e l a t i v e l y f e l d -
s p a t h i c c h a r a c t e r of the GS-2 rocks has been noted (Chapter 2) and 
i t i s f e a s i b l e t h a t the i n t r o d u c t i o n of a l i q u i d of such a 
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composition would be marked by the p r e c i p i t a t i o n of a l k a l i 
f e l d s p a r alone. The f i e l d data a r e c o n s i s t e n t w i t h the p o s s i b i l i t y 
t h a t the GS-2 "ring-dyke" was formed a t much the same time. I t i s 
not envisaged t h a t the Upper S e r i e s formed from t h i s magma ( s e e 
F i g . 2.15 and the d i s c u s s i o n i n the f i n a l s e c t i o n of t h i s C h a p t e r ) , 
and one must suppose tha t i t would have been e x p e l l e d on the 
emplacement of a d i s t i n c t Upper S e r i e s magma body. 
However, f i e l d observation i s a l s o c o n s i s t e n t w i t h the view 
that the Granular S y e n i t e of GS-2 type was int r u d e d a t much the 
same time as the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , as t h e i r chemical 
s i m i l a r i t y might be taken t o i n d i c a t e . T h i s p o s s i b i l i t y i s 
di s c u s s e d l a t e r i n t h i s chapter. 
The a l t e r n a t i v e hypothesis i s to suppose t h a t the p u l a s k i t e s 
of the Lower S e r i e s i n f a c t r e p r e s e n t the f i r s t cumulus deposit 
of the Upper S e r i e s , the foundering of the gne i s s r a f t (Emeleus 
1964) o c c u r r i n g somewhat a f t e r the i n t r u s i o n of the magma r a t h e r 
than during the emplacement. I f t h i s i s the case, one should be 
able to f i n d evidence of i n i t i a l f e l d s p a r f r a c t i o n a t i o n i n the 
Upper S e r i e s proper. T h i s question i s considered f u l l y i n the 
s e c t i o n d e a l i n g w i t h the Upper S e r i e s . There a r e however t e x t u r a l 
d i f f e r e n c e s between the Lower S e r i e s , i n c l u d i n g the f e l d s p a t h i c 
s y e n i t e s , and the Upper S e r i e s which m i l i t a t e a g a i n s t acceptance 
of t h i s model. The f e l d s p a r s i n the f e l d s p a t h i c s y e n i t e s a r e 
slender l a t h s of l i m i t e d s i z e , a form q u i t e f o r e i g n to the Upper 
S e r i e s (C.H. Emeleus, pers. comm.). 
I n the absence of f u r t h e r evidence, the o r i g i n of the p u l a s k i t e s 
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of the Lower S e r i e s remains very u n c e r t a i n , p a r t i c u l a r l y as no 
concrete data are a v a i l a b l e to r u l e out the i n f l u e n c e of changes 
i n v o l a t i l e p r e s s u r e . 
D i s t r i b u t i o n of the Ferromagnesian C o n s t i t u e n t s 
Mafic l a y e r i n g of a r a t h e r i l l - d e f i n e d s o r t i s developed i n 
the Lower S e r i e s f o y a i t e (Emeleus 1964, p.17), and t h i s f e a t u r e 
i s r epresented i n the analysed s u i t e of rocks by the specimens 
27277A (average r o c k ) and 27277M (mafic l a y e r ) . Even excluding 
these specimens, f a c t o r a n a l y s i s has shown t h a t the d i s t r i b u t i o n 
of pyroxene c o n s t i t u t e s the l a r g e s t element i n the observed 
chemical v a r i a n c e . I t t h e r e f o r e seems t o be an o v e r s i m p l i f i c a t i o n 
to regard f e l d s p a r and nepheline as the only l i q u i d u s ( f r a c t i o n a t i n g ) 
phases. I n many t h i n s e c t i o n s the euhedral h a b i t of pyroxene and 
the o c c a s i o n a l synneusis c l u s t e r s a r e good grounds f o r proposing 
th a t pyroxene was among the e a r l i e s t of the phases to p r e c i p i t a t e . 
The absence of pronounced l a y e r i n g i n such circumstances may merely 
r e f l e c t the absence of vigorous convection or o f other p h y s i c a l 
conditions e s s e n t i a l to i t s formation. 
I n t h i n s e c t i o n the occurrence of b i o t i t e appears to be 
e n t i r e l y i n t e r s t i t i a l . Nevertheless i t i s by no means uniformly 
d i s t r i b u t e d from rock to rock, as f a c t o r a n a l y s i s and X«ray 
d i f f r a c t i o n have demonstrated ( F i g . 2.6). The reasons f o r t h i s 
s p o r a d i c manner of d i s t r i b u t i o n are not c l e a r but i t suggests that 
con s i d e r a b l e i o n i c d i f f u s i o n took p l a c e among the i n t e r s t i c e s of 
the rock. The mechanism may have been by exchange with the l i q u i d 
above the c r y s t a l p i l e ( l o c a l i s e d heteradcumulus growth), or by a 
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process of segregation of the pore f l u i d among the i n t e r s t i c e s . 
I n e i t h e r case the s o l i d i f i c a t i o n of the trapped l i q u i d does not 
appear on these grounds to have been very r a p i d , and the data 
c o n t r a s t w i t h the s u p p o s i t i o n by Eraeleus (1964, p.26) that the 
c r y s t a l l i s a t i o n of trapped l i q u i d may have kept pace w i t h the 
accumulation of e a r l y formed m i n e r a l s , thus p r e s e r v i n g the 
p o t e n t i a l l y u n s t a b l e high d i p of m i n e r a l d e p o s i t i o n and lamination. 
I f t h i s were the case, one would expect b i o t i t e t o be more evenly 
d i s t r i b u t e d among the rock samples. 
The Granular S y e n i t e GS-1 
Etaeleus (1964) suggests t h a t the b i o t i t e - r i c h Granular S y e n i t e 
(GS-1) may be contemporaneous with the f o y a i t e of the Lower S e r i e s . 
The chemical work d e s c r i b e d here i s e n t i r e l y c o n s i s t e n t w i t h t h i s 
view; r e f e r e n c e to F i g . 2.15 shows t h a t f o r every element except 
Ca, P, L a and Y there i s c l o s e agreement between GS-1 and the 
average of the Lower S e r i e s f o y a i t e s . The departure w i t h regard 
to these elements may be a t t r i b u t e d s o l e l y t o the i n f l u e n c e of 
27093, which f o r some reason i s anomalously r i c h i n these c o n s t i t -
uents (Appendix 6, Table A.8c). The remaining members o f the GS-1 
s u i t e which have been analysed are very s i m i l a r to the Lower S e r i e s 
f o y a i t e i n these r e s p e c t s . 
The b i o t i t e - r i c h Granular S y e n i t e i s seen c u t t i n g Coarse-
Grained Brown Sy e n i t e and gneiss on the f r i n g e of the Lower S e r i e s . 
No i n t e r s e c t i o n s have been observed with the f r e s h e r rocks higher 
up i n the Lower Laminated S e r i e s . I f the Coarse-Grained Brown 
S y e n i t e i s regarded as the downward co n t i n u a t i o n of the Lower S e r i e s 
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cumulus p i l e , one may suppose th a t the minor i n t r u s i o n s of the 
b i o t i t e - r i c h Granular S y e n i t e represent the f r a c t u r i n g o f e a r l i e r 
c r y s t a l accumulations, probably as a r e s u l t of slumping away from 
the margins of the complex, which would be a s s i s t e d by the high 
slope of the cumulus p i l e reported by Emeleus (1964). Contempor-
aneous magma would be drawn i n t o these openings, taking with i t 
suspended c r y s t a l l i n e m a t e r i a l and p o s s i b l y even m o b i l i s i n g a 
proportion of the unconsolidated cumulus mush underlying i t . T h i s 
mechanism would account for the con s i d e r a b l e concentrations of 
cumulus nepheline which a r e observed l o c a l l y i n the Granular 
S y e n i t e (27095, see P l a t e 6) and f o r the t e x t u r a l s i m i l a r i t y 
w i t h the Lower S e r i e s f o y a i t e , p a r t i c u l a r l y Group I . 
Much of the chemical v a r i a t i o n observed i n the b i o t i t e - r i c h 
Granular S y e n i t e i s due to the d i s t r i b u t i o n of the ferromagnesian 
components (Chapter 2 ) . As with the Lower S e r i e s , there are 
in s t a n c e s i n which pyroxene f r a c t i o n a t i o n appears to have occurred. 
T h i s observation too i s c o n s i s t e n t with a formation from Lower 
S e r i e s magma. 
The Granular S y e n i t e of GS-2 type has c l e a r a f f i n i t i e s w i t h 
l a t e r i n t r u s i v e episodes and i s d i s c u s s e d l a t e r . 
3.2 CHEMICAL DEVELOPMENT OF THE UPPER SERIES 
S e c u l a r D i f f e r e n t i a t i o n of the F e l s i c Components 
P l o t t i n g the compositions of the analysed Upper S e r i e s s y e n i t e s 
i n appropriate diagrams ( F i g . 2.3) r e v e a l s a degree of o v e r a l l 
d i f f e r e n t i a t i o n which i s s l i g h t i n r e l a t i o n to the s t r u c t u r a l 
p a t t e r n of the Lower S e r i e s . L a r g e l y because of severe l o c a l 
a l t e r a t i o n , however, the sample of s y e n i t e s s e l e c t e d for a n a l y s i s 
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i s n e c e s s a r i l y b i a s e d (Chapter 1 ) , and the d i s t r i b u t i o n of analysed 
compositions i n F i g . 2.3 only t e l l s p a r t of the s t o r y . I n t h i s s e c -
t i o n an attempt i s made to draw together a l l the a v a i l a b l e evidence 
bearing on the d i s t r i b u t i o n of the f e l s i c components i n the Upper 
S e r i e s and on the composition of the i n i t i a l l i q u i d . 
Data on the i n i t i a l composition of the Upper S e r i e s l i q u i d i s 
a v a i l a b l e from a c h i l l e d margin specimen from the northern margin 
of the complex, where the contact w i t h the g n e i s s i s exposed l o c a l l y 
(C.H. Emeleus, unpublished f i e l d a ccount). Two specimens from t h i s 
l o c a l i t y have been analysed. They a r e 39706A,collected a t 6 metres 
from the c o n t a c t , and 39706B, at 15 cm from the contact ( s e e F i g . 
2.4)*. I n comparison to the Skaergaard I n t r u s i o n , where the marginal 
c h i l l zone i s about 4 m t h i c k (Wager and Brown 1968), one would 
expect the c h i l l of the Grtfnnedal-fka complex, which c o n s i s t s of 
smaller i n t r u s i o n s , to be r e l a t i v e l y t h i n . The specimen c o l l e c t e d 
at 15 cm from the supposed contact may t h e r e f o r e be taken t o rep-
*A f u r t h e r specimen (39706C), c o n s i s t i n g of gneiss w i t h a s m a l l 
amount of s y e n i t e , was c o l l e c t e d from the contact i t s e l f . I t was 
not found p o s s i b l e to separate s u f f i c i e n t s y e n i t e m a t e r i a l f o r 
a n a l y s i s from t h i s specimen. I t i s a m i c r o s y e n i t e with micropheno-
c r y s t s of b i o t i t e alone, but s i m i l a r t e x t u r a l l y to the f e l d s p a r - and 
nepheline-phyric p o r p h y r i t i c m i c r o s y e n i t e s seen c u t t i n g the Lower 
S e r i e s , and l o c a l l y the Upper S e r i e s a l s o (39770, 39771). I t may 
t h e r e f o r e be a l a t e r dyke in t r u d e d along the contact w i t h the gneiss 
i n the same way that p o r p h y r i t i c m i c r o s y e n i t e forms a sheet between 
the Upper and Lower S e r i e s f u r t h e r west (Emeleus 1964 p.28). 
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r e s e n t the composition of the i n i t i a l l i q u i d , but th a t obtained 
a t 6 m from the contact i s more dubious i n t h i s r e s p e c t . Reference 
to Table A.7E shows t h a t i n f a c t the a n a l y s e s a r e very s i m i l a r , the 
g r e a t e s t d i f f e r e n c e s being i n the o x i d a t i o n s t a t e of i r o n and the 
r e l a t i v e proportions of the a l k a l i metals. 
Unfortunately no more e x t e n s i v e marginal s u i t e of specimens 
i s a v a i l a b l e f o r the Upper S e r i e s . Consequently, i n c o n t r a s t t o 
the Lower S e r i e s , there i s no means of f o l l o w i n g changes i n the 
p a t t e r n of f r a c t i o n a t i o n i n time. A number of specimens c o l l e c t e d 
near t o the margins or the base of the Upper S e r i e s are somewhat 
f e l d s p a t h i c (27141, 27143, 27194, 27209 and 39749) but an almost 
equal number a r e e i t h e r average or f e l d s p a r - d e p l e t e d i n composition 
( F i g . 2.3). 
Emeleus (1964) records the e x i s t e n c e of rocks approaching 
p u l a s k i t e i n composition i n the h i g h e s t exposed p a r t s of the Upper 
S e r i e s . These rocks are not represented i n the c o l l e c t i o n a v a i l a b l e 
to the w r i t e r , and t h e i r s i g n i f i c a n c e i s u n c e r t a i n . I n the f i e l d 
they appear t o grade down into, and form p a r t of the Upper S e r i e s , 
and c o n t r a s t w i t h the s t r o n g l y undersaturated c h a r a c t e r of the 
l a t e r Coarse-Grained S y e n i t e which appears above them. There i s 
no evidence of any a s s o c i a t i o n w i t h the Lower S e r i e s p u l a s k i t e s , 
and indeed t h i s i s u n l i k e l y , s i n c e the l a t t e r a r e t e x t u r a l l y more 
s i m i l a r to the Lower S e r i e s than the c o a r s e r Upper S e r i e s . 
C l e a r l y sample coverage of the Upper S e r i e s , p a r t i c u l a r l y of 
the s y e n i t e s above the Pyroxene-Rich S y e n i t e , i s inadequate f o r 
working out a d e t a i l e d c o o l i n g h i s t o r y of the Upper S e r i e s . The 
shortcomings are very l a r g e l y a consequence of the widespread 
a l t e r a t i o n and poor exposure (Chapter 1 ) . I n t h i s r e s p e c t the 
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Upper S e r i e s appears t o be the worst represented of the s y e n i t e 
u n i t s . 
Mafic L a y e r i n g i n the Upper S e r i e s 
Pronounced mafic l a y e r i n g i s developed l o c a l l y i n the Pyroxene-
R i c h S y e n i t e of the Upper S e r i e s . T h i s i s not to say that the 
magma from which the Upper S e r i e s was deposited was p a r t i c u l a r l y 
r i c h i n the mafic components. Reference to F i g . 2.15 demonstrates 
that no s i g n i f i c a n t d i f f e r e n c e e x i s t s between the Upper S e r i e s 
c h i l l , r e p r e s e n t i n g the i n i t i a l l i q u i d composition, and the mean 
composition of the Lower S e r i e s f o y a i t e (the b e s t a v a i l a b l e 
estimate of the l i q u i d from which the Lower S e r i e s was d e p o s i t e d ) . 
One must suppose tha t the g r e a t e r prominence of l a y e r i n g i n the 
Upper S e r i e s r e f l e c t s the e x i s t e n c e during d e p o s i t i o n of p h y s i c a l 
c o n d i t i o n s more favourable t o i t . The mafic l a y e r s may t h e r e f o r e 
r e p r e s e n t r e l a t i v e l y vigorous convective overturns as envisaged 
for the l a y e r i n g of the Skaergaard I n t r u s i o n (Wager and Brown 1968). 
Stffrensen (1969) on the other hand favours an hypothesis of i n t e r -
m i t tent c r y s t a l l i s a t i o n i n e x p l a i n i n g the l a y e r i n g of the I l i m a u s s a q 
k a k o r t o k i t e s and the Lovozero d i f f e r e n t i a t e d complex; i n both 
i n s t a n c e s he suggests t h a t d i r e c t evidence for vigorous c o n v e c t i v e 
a c t i v i t y i s s u f f i c i e n t l y r a r e to suggest that other mechanisms may 
have operated to produce the l a y e r i n g i n these i n t r u s i o n s , and 
t h i s may be t r u e of the l a y e r i n g i n the Gr^nnedal-fka complex. 
The Coarse-Grained S y e n i t e 
Emeleus (1964) c o n s i d e r s th a t the Coarse-Grained S y e n i t e 
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outcropping i n the e a s t e r n part of Gr^nnedal* probably r e p r e s e n t s 
the youngest member of the Upper Laminated S e r i e s . Chemical 
a n a l y s i s shows i t to be st r o n g l y undersaturated, however, and t h i s 
i s a t t r i b u t a b l e mainly to the great abundance of nepheline and 
c a n c r i n i t e . P e t r o g r a p h i c a l l y the rocks appear to be nepheline-
r i c h and may be nepheline cumulates ( P l a t e 7 ) ; there a r e p a r a l l e l s 
w i t h the n e p h e l i n e - r i c h f o y a i t e s of the Lower S e r i e s and GS-1. 
On t h i s s c o r e the Coarse-Grained S y e n i t e has l i t t l e i n common 
with the Upper S e r i e s , i n which n e p h e l i n e - r i c h rocks a r e b a r e l y 
i f a t a l l represented. I t seems u n l i k e l y i n t h i s case t h a t changes 
i n p h y s i c a l c o n d i t i o n s , i n p a r t i c u l a r water f u g a c i t y , could have 
brought about the f r a c t i o n a t i o n of nepheline alone from the Upper 
S e r i e s magma. I t has been shown i n connection w i t h the Lower 
S e r i e s t h a t r e l i e f of water vapour p r e s s u r e alone would be expected 
to cause a magma o r i g i n a l l y on the l i q u i d u s to s o l i d i f y r a p i d l y , 
and under these c o n d i t i o n s the s e t t l i n g of nepheline i s u n l i k e l y 
to occur. The s y e n i t e may t h e r e f o r e represent a resurgence of the 
n e p h e l i n e - r i c h f o y a i t e magmatism thought to be r e s p o n s i b l e f o r the 
Lower S e r i e s . No i n t r u s i v e c o n t a c t s supporting t h i s i n t e r p r e t a t i o n 
a r e exposed, however. One cannot e n t i r e l y r u l e out the p o s s i b i l i t y 
t h a t the body i s an i n c l u s i o n of Lower S e r i e s f o y a i t e brought up 
from below during emplacement of the Upper S e r i e s . The high con-
c e n t r a t i o n s of Ca, P, L a and Y are c o n s i s t e n t with an o r i g i n below 
the lowest Lower S e r i e s horizon exposed a t present, i n view of the 
*T h i s u n i t should not be confused w i t h the coa r s e - g r a i n e d s y e n i t e 
found a t the head of Urdal ( P l a t e 1 ) , which i s thought to be a l a r g e 
i n c l u s i o n w i t h i n the Upper S e r i e s (Emeleus 1964 p.29). T h i s body 
has not been examined i n the present work. 
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evidence f o r the downward concentration of phosphate i n the Lower 
S e r i e s (Chapter 2 ) . 
MINOR INTRUSIVE BODIES 
The X e n o l j t h i c P o r p h y r i t i c S y e n i t e and A l l i e d Rocks 
I t has been noted i n Chapter 2 t h a t with respect to the f e l s i c 
components the X e n o l i t h i c P o r p h y r i t i c S y e n i t e forms a r e l a t i v e l y 
uniform body of rock, i n which the content of many t r a c e elements 
i s u n u sually high. The uniform chemical c h a r a c t e r of the u n i t i s 
s u r p r i s i n g i n view of i t s v a r i a b l e appearance i n the f i e l d , and 
may r e f l e c t u n r e p r e s e n t a t i v e sampling. The r e s u l t s do suggest 
tha t l i t t l e or no x e n o l i t h i c m a t e r i a l has been i n c l u d e d i n the 
samples analysed (see Appendix 1 ) , and i f sampling has been rep -
r e s e n t a t i v e , t h a t l i t t l e f r a c t i o n a t i o n has occurred i n s i t u . 
Many of the c h a r a c t e r i s t i c s of the X e n o l i t h i c P o r p h y r i t i c 
S y e n i t e are shared by the Granular S y e n i t e GS-2 and the m i c r o s y e n i t 
dykes of Group 3 ("31803-type", see Table 2.1 and t e x t S e c t i o n 2.6) 
Both of these groups have compositions which are more f e l d s p a r - r i c h 
than most rocks i n the complex. Both types have t r a c e element 
p a t t e r n s s i m i l a r to the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , but t h i s 
c h a r a c t e r i s l e s s marked i n the case of the dykes. Assuming t h a t 
the rock a n a l y s e s a r e r e p r e s e n t a t i v e of magma compositions, the 
v a r i a t i o n between the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , GS-2 and D3 
i s more i n keeping w i t h three d i s t i n c t magmatic events, but t h e i r 
s i m i l a r i t y i n d i c a t e s t h a t the l i q u i d s probably had a common 
d e r i v a t i o n and h i s t o r y . F i e l d r e l a t i o n s h i p s a r e c o n s i s t e n t w i t h 
the p o s s i b i l i t y t h a t they are c l o s e l y r e l a t e d with regard to time 
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of i n t r u s i o n . The X e n o l i t h i c P o r p h y r i t i c S y e n i t e i s known t o be 
the l a t e s t major s y e n i t e i n t r u s i o n i n the complex (Emeleus 1964). 
There are s e v e r a l r e s p e c t s i n which the X e n o l i t h i c P o r p h y r i t i c 
S y e n i t e appears to be a s s o c i a t e d i n some way w i t h c a r b o n a t i t e . The 
h i g h l y x e n o l i t h i c c h a r a c t e r points to a v i o l e n t (almost e x p l o s i v e ) 
mode of emplacement s i m i l a r to that of the c a r b o n a t i t e , and the 
high contents of the v o l a t i l e s ( p a r t i c u l a r l y CO ) and the incom-
p a t i b l e elements a r e c o n s i s t e n t with the view t h a t t h i s s y e n i t e 
u n i t has i n t e r a c t e d w i t h c a r b o n a t i t e a t an e a r l y stage, the l a t t e r 
perhaps providing much of the energy f o r the i n t r u s i o n of the 
s y e n i t e . I f the i d e n t i t y between the XPS and GS-2 i s accepted, 
however, i t i s necessary t o modify t h i s view. Both the high t r a c e 
element content and the x e n o l i t h i c c h a r a c t e r a r e developed i n the 
l a t t e r , but the carbon dioxide l e v e l i s no greater than average f o r 
the complex. Moreover the Coarse-Grained S y e n i t e has a s i m i l a r 
average CO^ concentration to the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , 
but n e i t h e r the t r a c e element l e v e l s nor the mode o f emplacement 
compare with the la t t e r , . Although the p a r t i c i p a t i o n of c a r b o n a t i t e 
i n the i n t r u s i o n of the X e n o l i t h i c P o r p h y r i t i c S y e n i t e cannot 
e n t i r e l y be r u l e d out, few of i t s major a t t r i b u t e s appear t o be the 
r e s u l t of the a s s o c i a t i o n . 
Other S y e n i t e and Mi c r o s y e n i t e Dykes 
F i v e groups of s y e n i t e and m i c r o s y e n i t e dykes were d i s t i n g u i s h e d 
i n Chapter 2. With the exception of Group 3, which has been d i s -
cussed i n the previous s e c t i o n , a l l groups were found to be s i m i l a r 
i n chemical c h a r a c t e r . Some departure i s n o t i c e a b l e i n Group 4 with 
r e s p e c t to Ca, CO , Ba, S r , L a , Y and Nb ( F i g . 2.15) but these 
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anomalies are probably a s s o c i a t e d with the emplacement of the 
ca r b o n a t i t e . I n a l l other r e s p e c t s , the s y e n i t e dyke averages 
under d i s c u s s i o n ( F i g . 2.15) are v i r t u a l l y i d e n t i c a l i n compos-
i t i o n to the Upper S e r i e s c h i l l specimen 39706B. 
Emeleus (1964) assigned a l a t e r date to the Upper S e r i e s 
r e l a t i v e to the Lower S e r i e s because p o r p h y r i t i c m i c r o s y e n i t e 
dykes c u t t i n g the Lower S e r i e s were petr©graphically very s i m i l a r 
to a rock which he i n t e r p r e t e d as the c h i l l of the Upper S e r i e s 
magma (39706C). The present work has however r e v e a l e d that many 
dykes c u t t i n g the Upper S e r i e s a r e i n d i s t i n g u i s h a b l e c h emically 
from those c u t t i n g the Lower S e r i e s , and some are indeed of very 
s i m i l a r appearance under the microscope (39770, 39771 - compare 
p l a t e s 8 and 9 ) . These observations throw doubt on the argument 
given by Emeleus, but do not n e c e s s a r i l y i n d i c a t e t h a t h i s con-
c l u s i o n i s i n c o r r e c t . A l l t h a t may be s t a t e d w i t h confidence i s 
th a t the Lower and Upper S e r i e s r e present d i s t i n c t i n t r u s i v e events, 
because the c h i l l specimen 39706B ( r e p r e s e n t i n g the i n i t i a l Upper 
S e r i e s l i q u i d ) i s incompatible w i t h the f r a c t i o n a t i o n h i s t o r y 
i n f e r r e d f o r the Lower S e r i e s from the chemical v a r i a t i o n seen i n 
i t . T h i s c o n c l u s i o n i s supported by t e x t u r a l d i f f e r e n c e s between 
the two s e r i e s . 
3.4 MAGMA ASSOCIATIONS 
I n the preceding d i s c u s s i o n i t has been e s t a b l i s h e d that the 
s y e n i t e s of the Grtfnnedal-lka complex are not of a uniform type. 
They appear to have been formed from s e v e r a l types of magma, each 
w i t h a d i s t i n c t chemical i d e n t i t y . Three such 'taagraa a s s o c i a t i o n s " 
are d i s t i n g u i s h e d , on the grounds o u t l i n e d below. The composition 
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of the o r i g i n a l magma i s not now preserved i n every c a s e , and 
the o b j e c t of the present s e c t i o n i s to summarise the c h a r a c t e r 
of and i d e n t i f y the d i f f e r e n c e s between the v a r i o u s l i q u i d s which 
have been i n f e r r e d . 
I t has been argued th a t the Lower S e r i e s was the f i r s t magma 
body to be emplaced. I t i s supposed t h a t the present Lower 
Laminated S e r i e s r e p r e s e n t s the bottom accumulation from a l a r g e r 
body of such magma. Chemical and petrographic evidence suggests 
that t h i s magma i n i t i a l l y f r a c t i o n a t e d nepheline and perhaps 
pyroxene, without f e l d s p a r . T h i s observation i m p l i e s t h a t the 
l i q u i d composition, on i n t r u s i o n , l a y w i t h i n the nepheline f i e l d 
i n the r e s i d u a system. S i m i l a r arguments apply to the b i o t i t e -
r i c h Granular S y e n i t e and the Coarse-Grained S y e n i t e which, w i t h 
the Lower S e r i e s , a r e the r e p r e s e n t a t i v e s of the f i r s t magma 
a s s o c i a t i o n . The average compositions of these rocks are p l o t t e d 
i n the system SiO -NaAlSiO -KAlSiO„ i n F i g . 3.2 as c i r c l e s ; a l l 
2 4 4 
pl o t w i t h i n the nepheline f i e l d a t P = 1 kb. 
H 2 ° 
The i d e n t i t y of the magma r e s p o n s i b l e f o r the Lower S e r i e s 
and the a l l i e d r o cks i s known only i n a q u a l i t a t i v e way, as out-
l i n e d above, s i n c e i n a l l three bodies i n which i t i s represented, 
compositions seem to have been modified to an unknown degree by 
c r y s t a l s e t t l i n g . Q u a n t i t a t i v e comparison with the other magma 
types represented i n the complex i s t h e r e f o r e r u l e d out. 
An i n d i c a t i o n of the i n i t i a l Upper S e r i e s magma composition 
i s a v a i l a b l e from the a n a l y s i s of the c h i l l , but t h i s key rock 
i s exposed i n only one l o c a l i t y and t h e r e f o r e only a s i n g l e a n a l y s i s 
i s a v a i l a b l e . Element-by-element comparison shows t h a t the m a j o r i t y 
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FIGURE 3.2 
I n f e r r e d v a r i a t i o n of magmatic c h a r a c t e r i n the e v o l u t i o n of the 
Grtfnnedal-lka complex. The normative f e l s i c components of the 
f o l l o w i n g e n t i t i e s a r e presented: 
D3 - Average a n a l y s i s of the m i c r o s y e n i t e dykes of Group 3 
(Table 2.1). 
GS-2 - Average a n a l y s i s of t h r e e s y e n i t e s of GS-2 type (27099, 
27100 and 126701). 
XPS - Average a n a l y s i s of f i v e specimens of X e n o l i t h i c 
P o r p h y r i t i c S y e n i t e (omitting the more a l t e r e d specimens 
27189, 31841 and 58314). 
US(AV) - Average a n a l y s i s of a l l Upper S e r i e s s y e n i t e specimens. 
US(C) - A n a l y s i s of the Upper S e r i e s c h i l l specimen (39706B). 
DA - Average a n a l y s i s of a l l s y e n i t e dykes omitting Group 3. 
F L - Average a n a l y s i s of a l l Lower S e r i e s s y e n i t e (omitting 
the f e l d s p a t h i c s y e n i t e s of Group I V ) . 
GS-1 Average a n a l y s i s of a l l s y e n i t e specimens of GS-1 type. 
GGS - Average a n a l y s i s of a l l specimens of the Coarse-Grained 
S y e n i t e . 
The data points a r e of thr e e types, r e p r e s e n t i n g the three magma 
groups d i s t i n g u i s h e d i n the t e x t . 
Because the Coarse-Grained Brown S y e n i t e has been omitted, 
n e p h e l i n e - r i c h rocks may be under-represented i n the average 
a n a l y s i s of the Lower S e r i e s f o y a i t e s . T h i s p o s s i b i l i t y i s 
i n d i c a t e d by an arrow from the F L symbol, showing the d i r e c t i o n i n 
which the supposed " t r u e " average would l i e . 
(ON. S 5? (0 CM P & \ ^ 1 
_1 \ 
li. in (9 
so 
of s y e n i t e dykes aire of very s i m i l a r composition ( F i g . 2.15), 
but there i s no scope f o r e s t a b l i s h i n g t h i s r e l a t i o n s h i p a g a i n s t 
accepted s t a t i s t i c a l c r i t e r i a . The average a n a l y s e s of t h i s 
second magma a s s o c i a t i o n p l o t c l o s e to the neph e l i n e - f e l d s p a r 
phase boundary i n F i g . 3.2 and the r e l a t i v e uniformity of the 
Upper S e r i e s rocks with r e s p e c t to t h e i r f e l s i c components i s 
c o n s i s t e n t with the co n c l u s i o n t h a t the Upper S e r i e s magma com-
p o s i t i o n l a y near the f e l d s p a r - n e p h e l i n e phase boundary i n the 
n a t u r a l phase system. 
The t r a c e element chemistry of the second magma a s s o c i a t i o n 
i s c h a r a c t e r i s e d by low contents of the incompatible elements 
( F i g . 2.15). These elements tend to be s l i g h t l y lower i n the 
dykes than i n the Upper S e r i e s c h i l l , whereas Ba and S r are 
marg i n a l l y higher. I f t h i s p a t t e r n i s s i g n i f i c a n t , i t may r e f l e c t 
the presence i n the dyke of a sma l l proportion of e a r l y - c r y s t a l l i s i n g 
m a t e r i a l d e r i v e d from the main magma body, a co n c l u s i o n i n keeping 
with the s t r o n g l y p o r p h y r i t i c nature of the m i c r o s y e n i t e s . The 
d i s t r i b u t i o n o f Zr suggests t h a t z i r c o n may be an e a r l y phase to 
c r y s t a l l i s e i n the Upper S e r i e s magma. 
One may suppose t h a t , where s y e n i t e dykes a k i n to the Upper 
S e r i e s magma cut the Upper S e r i e s , they r e p r e s e n t the opening of 
e a r l y cumulus d e p o s i t s to admit contemporaneous magma, as suggested 
for the GS-1 dykes c u t t i n g the Lower S e r i e s . 
The t h i r d magma a s s o c i a t i o n to be d i s t i n g u i s h e d i s t h a t 
represented by the X e n o l i t h i c P o r p h y r i t i c S y e n i t e , the Granular 
S y e n i t e of GS-2 type and p o s s i b l y the r a r e m i c r o s y e n i t e dykes of 
31803 type (Group 3, see Table 2.1). T h i s a s s o c i a t i o n i s marked 
by r e l a t i v e l y high contents of the incompatible elements ( Z r , Pb, 
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Zn, L a , Y and Nb, F i g . 2.15) and a tendency to p e r a l k a l i n e , 
somewhat f e l d s p a t h i c compositions ( F i g . 3.2). I t i s not unreason-
able t o suppose t h a t the vari o u s bodies r e p r e s e n t i n g t h i s a s s o c -
i a t i o n may have been i n t r u d e d a t much the same moment i n the 
development of the complex, and i n a s i m i l a r manner. The Granular 
S y e n i t e of GS-2 type i s seen to cut and c h i l l a g a i n s t the GS-1 
type, and i n c o n t r a s t to the l a t t e r i t contains numerous x e n o l i t h s 
(Emeleus 1964, p.29), suggesting q u i t e f o r c i b l e i n t r u s i o n i n much 
the same manner as the X e n o l i t h i c P o r p h y r i t i c S y e n i t e . No i n t e r -
s e c t i o n s of c h r o n o l o g i c a l s i g n i f i c a n c e a r e recorded f o r the Group 
3 m i c r o s y e n i t e dykes, except t h a t they a r e l a t e r than the Upper 
Laminated S e r i e s . The chronology o f the magma types d i s c u s s e d 
above cannot be e s t a b l i s h e d unambigjausly. The simp l e s t i n t e r -
p r e t a t i o n i s t h a t shown i n F i g . 3.3, which suggests that with the 
passage of time s u c c e s s i v e nepheline s y e n i t e l i q u i d s have moved 
c o n s i s t e n t l y from n e p h e l i n e - o v e r s a t u r a t i o n to f e l d s p a r - o v e r s a t u r a t i o n , 
Na+K 
wit h concomitant changes i n and t r a c e element content. 
U n c e r t a i n t y as t o the age of GS-2 and the t r u e nature of the CGS 
puts t h i s hypothesis i n some doubt, however. 
The p o s s i b l e o r i g i n s of the magma a s s o c i a t i o n s d i s c u s s e d i n 
these pages a r e considered i n Chapter 8. I n the i n t e r v e n i n g 




P o s s i b l e chronology of the Grjannedal-Ika complex, based 
on the s i m p l e s t p a t t e r n of magmatic trend. 
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PART 2 
THE DYKE ROCKS 
P a r t 2. The Dyke Rocks 
CHAPTER 4 
THE CHEMISTRY OF THE PERALKALINE PHONOLITE DYKES 
4.1 INTRODUCTION 
Dyke rocks a r e found i n co n s i d e r a b l e abundance and v a r i e t y 
i n the Gardar a r e a , and comprise a v o l u m e t r i c a l l y important p a r t 
of the magmatic province. Reviews of the dyke a c t i v i t y have been 
given by B e r t h e l s e n and Noe-Nygaard (1965), S/6rensen (1966) and 
Upton ( i n p r e s s ) . Throughout the province the most abundant type 
i s a l k a l i o l i v i n e b a s a l t or o l i v i n e d o l e r i t e upon which work i s 
c u r r e n t l y i n progress, on a r e g i o n a l s c a l e (Upton 1970). The 
s a l i c a l k a l i n e dykes are l a r g e l y r e s t r i c t e d to two of the three 
p a r a l l e l d y k e / f a u l t zones d e s c r i b e d by B e r t h e l s e n and Noe-Nygaard 
(1965), those passing through the Grtfnnedal-lka-Ivigtut a r e a and 
the T u g t u t S q - I l i m a u s s a q - I g a l i k o area (Chapter 1 ) . S a l i c dykes 
form the youngest group i n the dyke sequence, but there are older 
groups of s a l i c rocks present which both precede and postdate the 
e a r l i e r s y e n i t e s of the province (Emeleus 1964, Emeleus and Harry 
1970). 
The Gr.0fnnedal-lka s y e n i t e s and c a r b o n a t i t e were i n t r u d e d e a r l y 
i n the Gardar period, and there appears to have been a con s i d e r a b l e 
l a p s e of time between these events and the resurgence of a l k a l i n e 
magmatism represented by the s a l i c dykes i n the a r e a . I n the 
p e r i o d between, igneous a c t i v i t y was mainly of b a s a l t i c a f f i n i t y . 
I n the a l k a l i n e dyke s e r i e s of Grtfhnedal-Ika, the p h o n o l i t e s 
are accompanied by t r a c h y t e s , b a s i c t r a c h y t e s and lamprophyres, 
which are d e s c r i b e d i n succeeding chapters of t h i s t h e s i s . There 
i s a l s o a v a r i e t y of undersaturated m i c r o s y e n i t e dykes, but these 
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are regarded as belonging to an e a r l i e r episode d i r e c t l y 
a s s o c i a t e d with the s y e n i t e emplacement. The present Chapter 
d e a l s s o l e l y w i t h the l a t e r , t e x t u r a l l y d i s t i n c t phonolite s u i t e 
which forms the most abundant s a l i c syke type i n the Gr^nnedal-
*Ika area. The specimen numbers used r e f e r to the c o l l e c t i o n of 
the G e o l o g i c a l Survey of Greenland, Copenhagen. 
4.2 PETROGRAPHY 
The m a j o r i t y of the phonolite dykes comprise a l k a l i f e l d s p a r , 
nepheline and a l k a l i pyroxene s e t i n a matrix p r i n c i p a l l y composed 
of analcime. I n the more mafic members of the s e r i e s , s mall 
amounts of b i o t i t e and amphibole accompany the pyroxene. Opaque 
minerals a re only r a r e l y seen. The rocks a r e a p h y r i c and f i n e -
grained. The f e l d s p a r s u s u a l l y have the l a r g e s t s i n g l e dimension 
of the m i n e r a l s present (0.1 t o 0.5 mm) and c h a r a c t e r i s t i c a l l y show 
a pronounced a c i c u l a r h a b i t . The s m a l l g r a i n s i z e of these rocks 
precludes d e t a i l e d examination of the m i n e r a l s present, and does 
not favour the d e t e c t i o n and i d e n t i f i c a t i o n of minor phases. 
S l i g h t d e u t e r i c a l t e r a t i o n of nepheline i s apparent i n some 
of the rocks used i n t h i s study. The product i s e i t h e r c a n c r i n i t e 
or " g e i s e c k i t e " , a f i n e micaceous aggregate very s i m i l a r t o 
muscovite. Unpublished work by the author suggests t h a t the e f f e c t 
of these processes on the bulk chemical composition of the rock i s 
s m a l l . Rocks showing a g r e a t e r degree of a l t e r a t i o n , i n which the 
i n t e r s t i t i a l m a t e r i a l i s a f f e c t e d as w e l l (Chapter 6 ) have been 
omitted from the work reported i n t h i s chapter. 
4.3 CHEMISTRY 
For c o n c i s e p r e s e n t a t i o n , the v a r i a t i o n of the major and minor 
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elements i n the phonolite s e r i e s i s shown i n composite-diagram 
form i n Fig.4.1. The t r a c e c o n s t i t u e n t s a r e shown s i m i l a r l y i n 
Fig.4.2. The index of d i f f e r e n t i a t i o n used i n both diagrams i s 
weight percentage normative nepheline. T h i s choice was made 
because conventional i n d i c e s show i n s u f f i c i e n t v a r i a t i o n , and 
there a r e o v e r r i d i n g o b j e c t i o n s i n t h i s i n s t a n c e to using the 
other i n d i c e s of f e l d s p a r f r a c t i o n a t i o n , namely (Na+K)/Al (used 
by Nash et a l . . 1969) and Na/(Na+K). 
The numerical data a r e given i n Appendix 5. 
A n a l y t i c a l Techniques 
The elements S i , A l , t o t a l Fe, Mg, Ca, Na, K, T i and P 
were determined u s i n g X-ray f l u o r e s c e n c e spectrometry on powder 
b r i c q u e t t e s . The instrument used was a P h i l i p s PW 1540 ( o l d 
s e r i e s ) manual spectrometer equipped with a Cr-anode tube and 
vacuum path. Approximate c o r r e c t i o n for d i f f e r e n c e s i n absorption 
were made using a procedure s i m i l a r t o that of Holland and B r i n d l e 
(1966), but these e f f e c t s were l a r g e l y e l i m i n a t e d by using as 
standards a s u i t e of a l k a l i n e rocks s i m i l a r to the unknowns, 
analysed c h e m i c a l l y i n the l a b o r a t o r i e s of the Grjzfnlands Geologiske 
Unders^gelse ( s e e Borgen, 1967 f o r procedure). Mn was determined 
with the same equipment and standards but using a W anode. 
F e ( I I ) was determined v o l u m e t r i c a l l y by the method of Wilson 
(1955), and H 0 + and CO by the g r a v i m e t r i c method of R i l e y (1958). 
X-ray f l u o r e s c e n c e spectrometry was a l s o employed i n the 
a n a l y s i s of the t r a c e elements Ba, Nb, Z r , Y, S r , Rb, Th, Pb, Zn 
(W anode) and C I and L a ( C r anode). On t h i s o c casion the instrument 
was a P h i l i p s PW 1212 automatic spectrometer. Using the programme 
•TRATIO 1 ( s e e Appendix 3) allowance was made f o r Kf3 i n t e r f e r e n c e i n 
the case of Nb, Zr and Y and, for a l l elements except La, approximate 
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F I G . 4.1 
V a r i a t i o n of the major and minor c o n s t i t u e n t s as a f u n c t i o n 
of p o s i t i o n i n the phonolite s e r i e s , expressed as weight 
percent normative nepheline (see t e x t ) . The f i g u r e s are 
graduated i n wt.% oxide, except t h a t C I i s i n wt.% element. 
S o l i d c i r c l e s : f r e s h specimens 
Open c i r c l e s : specimens i n which nepheline 
i s p a r t i a l l y r e p l a c e d 
S o l i d t r i a n g l e s : p o t a s s i u m - d e f i c i e n t members 
(see t e x t ) . 
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FIG.4.2 
a. V a r i a t i o n of the t r a c e c o n s t i t u e n t s as a f u n c t i o n of 
p o s i t i o n i n the phonolite s e r i e s , expressed as weight 
percent normative nepheline. The f i g u r e s are graduated 
i n p.p.m. metal. 
b. Potassium content (weight percent metal) of the phonolites 
versus rubidium content. A l s o shown a r e a l i n e of constant 
K:Rb r a t i o R = 230 (Heier and Adams, 1964) and the b e s t - f i t 
l i n e through the main trend of Shaw (1968), marked "MT". 
Symbols a r e as shown i n Fig.4.1. 
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c o r r e c t i o n f o r absorption d i f f e r e n c e s was made u s i n g s c a t t e r e d 
white r a d i a t i o n as i n t e r n a l standard (Anderraann and Kemp, 1958). 
U.S.G.S. and other i n t e r n a t i o n a l standards and s e v e r a l s e r i e s of 
a d d i t i o n standards were employed. 
Major Elements 
Apart from the complex behaviour of SiC> 2,the v a r i a t i o n seen 
i n Fig.4.1 i s much as would be p r e d i c t e d f o r a rock s e r i e s of 
t h i s kind. Two rocks (27058 and 27151) have e x c e p t i o n a l l y high 
sodium:potassium r a t i o s ; these specimens a r e denoted i n Fig.4.1 
and succeeding f i g u r e s by f i l l e d t r i a n g l e s . There i s a notable 
r e c i p r o c i t y between the p a t t e r n s of Na 0 and K 0 i n Fig.4.1, 
extending t o the d i s p o s i t i o n of most o f the data p o i n t s about the 
b e s t - f i t l i n e s . 
I n s p e c t i o n of Fig.4.1 shows t h a t i n c i p i e n t a l t e r a t i o n of the 
phono l i t e s has brought about s m a l l changes i n the concentrations 
of a few elements, notably ZrO^ and C I , but that f or the r e s t no 
d i s t i n c t i o n can be drawn between f r e s h and a l t e r e d specimens. 
S e m i - q u a n t i t a t i v e determinations of F by emission spectrography on 
a sample of phonolites i n d i c a t e concentrations of about 1.0% - 0.5%. 
Trace Elements 
I n Fig.4.2 i t may be seen that the magmatic e v o l u t i o n of the 
phonolite s e r i e s i s accompanied by the r e g u l a r d e c l i n e of Ba and 
Sr to very low l e v e l s , and the s u c c e s s i v e concentration of Nb, Zr 
(s e e F i g . 4 . 1 ) , Th and Pb. T h i s p a t t e r n i s t y p i c a l of h i g h l y d i f f -
e r e n t i a t e d magmas, p a r t i c u l a r l y those of a l k a l i n e a f f i n i t y . The 
i n c i p i e n t a l t e r a t i o n d e s c r i b e d e a r l i e r has a p e r c e p t i b l e i n f l u e n c e 
on the content of S r , Pb, Zn and L a (but not Y ) , and t o some extent 
Th. 
89 
The behaviour of Rb i n r e l a t i o n to K (Fig.4.2b) i s much as 
would be expected of a s e r i e s of t h i s k i n d , the p a t t e r n of Rb 
enrichment being c h a r a c t e r i s t i c of h i g h l y d i f f e r e n t i a t e d l i q u i d s . 
The potassium-deficient rock 27151 d i s p l a y s extreme concentration 
of rubidium r e l a t i v e to potassium. The r e l a t i o n s h i p of the two 
anomalous rocks 27058 and 27151 to the remainder of the s u i t e i s 
d e a l t w i t h i n a l a t e r s e c t i o n of the paper. 
The v a r i a t i o n i n the r a r e e a r t h elements, represented by L a 
and Y i n Fig.4.2, i s complex. Ignoring the potas s i u m - d e f i c i e n t 
member 27151, the s u b j e c t i v e eye might f i t the d i s t r i b u t i o n s to 
a two-step p a t t e r n of s u c c e s s i v e concentration, the two stages 
being separated by a phase of impoverishment c o r r e l a t i n g w e l l with 
t h a t of phosphorus ( F i g . 4 . 1 ) . While i t i s f e a s i b l e to suppose 
that the p r e c i p i t a t i o n of phosphate may have depleted the l i q u i d 
i n the r a r e e a r t h elements u n t i l v i r t u a l exhaustion of phosphorus 
allowed t h e i r c o n c e n t r a t i o n to r i s e again, the p a t t e r n i n Fig.4.2 
may yet be spurious. 
4.4. EVOLUTION OF THE PHONOLITE MAGMA. 
B a i l e y and Macdonald (1969) have i l l u s t r a t e d the value of 
de p i c t i n g the chemical development of p e r a l k a l i n e s a l i c magmas 
by p l o t t i n g rock compositions (and those of c o e x i s t i n g f e l d s p a r 
phenocrysts where present) i n appropriate s e c t i o n s of the 
quaternary system Na 0-K 0-A1 0 -SiO . I n doing so, not only does 
one avoid the syst e m i c d i s t o r t i o n i n h e r e n t i n p l o t t i n g the norms 
of p e r a l k a l i n e rocks i n the system Qz-Ne-Kp ( B a i l e y and S c h a i r e r , 
1964; Thompson and MacKenzie, 1967), but a l s o the development of 
s i l i c a - o v e r s a t u r a t i o n and p e r a l k a l i n i t y (the excess of Na+K over 
A l i n atomic proportions) due to f e l d s p a r f r a c t i o n a t i o n can be shown 
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simultaneously. 
Although i t has so f a r been a p p l i e d only to the o v e r s a t u r a t e d 
p e r a l k a l i n e r o c k s , t h i s approach i s e q u a l l y v a l i d f o r t h e i r under-
s a t u r a t e d analogues, and the f o l l o w i n g paragraphs d e s c r i b e i t s 
a p p l i c a t i o n to the e v o l u t i o n of the magma from which the Gr^nnedal-
I k a phonolite dykes were formed. I t w i l l be shown tha t the scheme 
allows an estimate to be made of the phases f r a c t i o n a t i n g , and of 
t h e i r composition, i n i n s t a n c e s where phenocrysts are absent from 
the r o c k s . 
The f i r s t p r o j e c t i o n appears i n Fig.4.3, which shows part of 
the plane (Na O K 0 ) - A l 0 -SiO encompassing the compositions of 
& £* £ S Git 
the p h o n o l i t e s . T h i s diagram can be regarded as the product of 
condensing the quaternary system Na 0-K O^ A.1 0 -SiO along the 
d i r e c t i o n of the a l k a l i composition a x i s . Various r e f e r e n c e p o i n t s 
a r e a l s o given i n Fig.4.3, notably F, the composition of b i n a r y 
a l k a l i f e l d s p a r ( t h a t of nepheline f a l l s below the lower margin of 
the diagram), and i n v a r i a n t p o ints P and Q from r e l e v a n t e x p e r i -
mental systems ( d e t a i l e d i n the c a p t i o n ) . 
The d i s t r i b u t i o n of the phonolite compositions i n Fig.4.3 can 
be seen t o embrace an e s s e n t i a l l y l i n e a r trend which may be extended 
back to a p o i n t c l o s e to the i d e a l a l k a l i f e l d s p a r composition. 
Superimposed on t h i s l i n e a r development, which one may a t t r i b u t e to 
the f r a c t i o n a t i o n of a l k a l i f e l d s p a r , i s the r e c o r d of two other 
processes. F i r s t l y the s l i g h t l y a l t e r e d specimens d e v i a t e t o a 
sm a l l extent to the A l 0 - r i c h s i d e of the main d i s t r i b u t i o n . T h i s 
2 3 
tendency can be l i n k e d w i t h the l o s s of s m a l l amounts of sodium from 
the rock during the breakdown of nepheline ( a consequence t h a t i s 
e a s i l y understood on comparing the i d e a l formulae of nepheline and 
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FIG.4.3. 
P a r t of the system (Na 0+K 0 ) - A l 0 -SiO r e l e v a n t t o the under-
2 2 2 3 2 
s a t u r a t e d r o c k s , showing the compositions of the Gr^nnedal-Ika 
p h o n o l i t e s . The p o r t i o n of the whole system d e p i c t e d i n the main 
diagram i s i n d i c a t e d by the s t i p p l e d a r e a i n the i n s e t f i g u r e . A l l 
compositions are represented i n molecular percent. Symbols a r e as 
shown i n Fig.4.1. 
The point F r e p r e s e n t s the formula composition of b i n a r y a l k a l i 
f e l d s p a r . The t h r e e p o i n t s nearby, l a b e l l e d "5", "10" and "15", 
i n d i c a t e the formula compositions of t e r n a r y a l k a l i f e l d s p a r s 
i n c o r p o r a t i n g 5, 10 and 15 molecular percent of the a n o r t h i t e end-
member r e s p e c t i v e l y . 
The point P i s the albite-nepheline-corundum-liquid i n v a r i a n t point 
i n the system Na 0-A1 0 -SiO a t atmospheric p r e s s u r e ( S c h a i r e r and 2 2 3 2 
Bowen, 1956). The l i n e PT r e p r e s e n t s p a r t of the a l b i t e - n e p h e l i n e 
f i e l d boundary i n t h i s system. The point Q i s the nepheline 
s y e n i t e minimum i n the system S i 0 2 - N a A l S i 0 4 - K A l S i 0 4 a t 1 atmosphere 
( S c h a i r e r , 1950). The minima a t 1 and 5 kb water p r e s s u r e would be 
found somewhat lower i n the f i g u r e (Hamilton and MacKenzie, 1965; 
Morse, 1969). 
The l i n e X5f r e p r e s e n t s the s e c t i o n of the quaternary system 
d e p i c t e d i n Fig.4.4. 
F i g . 4.3. 
8 0 
X 
AUO \ / 75 15 10 15 
SiO 
\ sio, 2 0 7 0 
4 ® Q 
Na,0+K,0 15 
Na 2 04K 2 0 
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i t s a l t e r a t i o n product, muscovite). One may a s s o c i a t e a l k a l i l o s s 
i n the system (Na 0+K 0 ) - A l 0 -SiO w i t h movement of the composition 
i n question d i r e c t l y away from the a l k a l i apex, and the p o s i t i o n 
of the open c i r c l e s r e l a t i v e to the main t r e n d i n Fig.4.3 i s 
c o n s i s t e n t with such a process. 
Secondly, at the lower end of the phonolite d i s t r i b u t i o n 
there i s a s l i g h t s h i f t of s u c c e s s i v e composition points to the 
r i g h t , which may represent the appearance of nepheline on the 
l i q u i d u s . T h i s i n t e r p r e t a t i o n i s supported by r e l a t i o n s h i p s i n 
analogous s y n t h e t i c systems: the l i n e PT i s the a l b i t e - n e p h e l i n e -
l i q u i d c o t e c t i c f r a n the system Na 0-A1 0 *-SiO ( S c h a i r e r and 
Bowen, 1956), and point Q i s the nepheline s y e n i t e minimum i n the 
system SiO^-NaAlSiO^-KAlSiO^ a t atmospheric p r e s s u r e . The minima 
i n the same system a t 1 and 5 Kb P would appear below Q i n 
Fig.4.3 (Morse, 1969). The f e l d s p a r s . s . - nepheline s . s . f i e l d 
boundary i s t h e r e f o r e almost c e r t a i n to be found a t some point i n 
t h i s p a r t of the n a t u r a l system. At t h i s point the locus of l i q u i d 
compositions c e a s e s t o move d i r e c t l y away from the f e l d s p a r com-
p o s i t i o n and i n s t e a d f o l l o w s the f i e l d boundary as f e l d s p a r and 
nepheline c r y s t a l l i s e s i d e by s i d e . By analogy w i t h the system 
Na OiAl 0 -SiO the phase boundary probably l i e s roughly p a r a l l e l 2 2 3 2 
to the l i n e PT i n Fig.4.3. 
E x t r a p o l a t i o n of the u n d e f l e c t e d p a r t of the phonolite trend 
i n Fig.4.3 back towards the f e l d s p a r composition point suggests 
t h a t , i f the f r a c t i o n a t i o n of f e l d s p a r i s indeed r e s p o n s i b l e f o r 
the observed e v o l u t i o n a r y trend, the f e l d s p a r must have a s m a l l 
but d i s t i n c t molecular excess of A l 0 over Na O K 0, a t t r i b u t a b l e 
to a s m a l l proportion of the a n o r t h i t e molecule. The p o i n t F ( F i g . 
4.3) r e p r e s e n t s the i d e a l formula composition of b i n a r y a l k a l i 
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f e l d s p a r . Three e q u i v a l e n t datum po i n t s are a l s o shown r e p r e s e n t -
ing the compositions of t e r n a r y a l k a l i f e l d s p a r s c o n t a i n i n g 5, 10 
and 15 molecular percent of the a n o r t h i t e end-member r e s p e c t i v e l y 
( s e e caption to F i g . 4 . 3 ) . I t can be seen t h a t f r a c t i o n a t i o n of a 
t e r n a r y a l k a l i f e l d s p a r containing approximately f i v e mol. percent 
a n o r t h i t e would f i t the e v o l u t i o n a r y t r e n d d e f i n e d by the phonolite 
compositions i n Fig.4.3. For reasons given l a t e r , t h i s f i g u r e 
should be regarded as a minimum f o r the a n o r t h i t e content, and i n 
any case only as a rough guide,but a composition of t h i s order i s 
acceptable f o r a f e l d s p a r i n e q u i l i b r i u m w i t h undersaturated 
a l k a l i n e l i q u i d s ( S c h a r b e r t , 1966j Nash e t _ a l . , 1969). 
The i d e a l l y c o l i n e a r r e l a t i o n s h i p i n Fig.4.3, between the 
compositions of the phonolites and the h y p o t h e t i c a l f e l d s p a r 
f r a c t i o n a t e , extends i n t o the quaternary system Na^O-K^O-Al^O^-SiO^ 
as a roughly coplanar s e t of points d i s t r i b u t e d about a plane which 
a l s o contains the l o c u s of f e l d s p a r compositions i n e q u i l i b r i u m 
w i t h s u c c e s s i v e l i q u i d s . The plane passes c l o s e to the i d e a l 
a l k a l i f e l d s p a r j o i n , and more or l e s s p a r a l l e l to i t (depending 
on whether the a n o r t h i t e content of the f e l d s p a r has remained 
constant throughout the dyke s e r i e s ) . Rock compositions can i n 
general be p l o t t e d i n t h i s planar s e c t i o n , and r e l a t e d t o the 
composition of the f e l d s p a r i n e q u i l i b r i u m w i t h them, whether 
t h i s i s determined from phenocrysts present or i n f e r r e d i n d i r e c t l y . 
Such a diagram i s analogous to the second s e c t i o n ( i n f i g u r e s 2 and 
5) of B a i l e y and Macdonald (1969) but i s of course of q u i t e a 
d i f f e r e n t o r i e n t a t i o n i n the quaternary f i g u r e . 
Fig.4.4a shows the p o s i t i o n of t h i s plane (ABC) w i t h i n the 
tetrahedron. The s i m p l e s t c o n s t r u c t i o n occurs when the f r a c t i o n -
a t i o n of b i n a r y a l k a l i f e l d s p a r i s assumed; i n t h i s case the plane 
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FIG.4.4. 
a. The SiO - r i c h p art of the system Na 0-K 0-A1 0 -SiO showing 
2 2 2 2 3 2 
the plane ABC, the s t i p p l e d p o r t i o n of which i s depicted i n 
Fig.4.4b. The plane i s represented by the l i n e XY i n Fig.4.3. 
I t passes below the a l k a l i f e l d s p a r j o i n , the l i n e of i n t e r -
s e c t i o n w i t h the v e r t i c a l plane through the j o i n being shown 
by a dashed l i n e . The s t i p p l e d p o r t i o n o f the s e c t i o n ABC 
extends upward to the i n t e r s e c t i o n with the t e r n a r y f e l d s p a r 
s u r f a c e ( s e e p o i n t s "5", "10" and "15" i n F i g . 4 . 3 ) . 
b. The compositions of the Gronnedal-Ika p h o n o l i t e s p r o j e c t e d 
i n t o the plane ABC. A l l compositions a r e i n molecular u n i t s . 
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contains the a l k a l i f e l d s p a r j o i n Ab-Or. I n g e n e r a l , as i l l u s t r a t e d 
i n F i g.4.4a, the plane i s o f f - s e t s l i g h t l y , i n t e r s e c t i n g the plane 
of a l k a l i - a l u m i n a p a r i t y somewhat below the j o i n . 
The phonolite a n a l y s e s a r e p l o t t e d i n such a plane i n Fig.4.4b. 
The s e c t i o n used i s d e f i n e d i n the caption, and i s represented by 
the l i n e XY" i n Fig.4.3. As w i l l be seen from F i g . 4.3, the 
compositions of the a l t e r e d rocks may be v i s u a l i s e d as l y i n g below 
the plane of Fig.4.4b i n the quaternary system, those of the most 
h i g h l y d i f f e r e n t i a t e d members of the s u i t e (found on the extreme 
l e f t of Fig.4.4b) l y i n g a l i t t l e above i t . With the exception of 
the two p o t a s s i u m - d e f i c i e n t rocks ( s e e F i g . 4 . 1 ) , a l l the p h o n o l i t e s 
conform to a n e a r - l i n e a r d i s t r i b u t i o n . The l i n e b e s t f i t t i n g the 
s i x p o i nts l y i n g c l o s e s t to the plane of the diagram cuts the 
f e l d s p a r l i n e a t the top of the diagram i n the Na 0/(Na 0+K 0) 
range 0.55 t o 0.60. Examination of F i g s . 4.3 and 4.4b together, 
t h e r e f o r e , p o i n t s to the f r a c t i o n a t i o n of a f e l d s p a r approximating 
to A b 5 5 ° r 4 o A n 5 ( m o l e°ular proportions) i n composition. 
Care should however be e x e r c i s e d i n i n t e r p r e t i n g t h i s 
h y p o t h e t i c a l composition, for two reasons. I n the f i r s t p l a c e 
i t has been d e r i v e d by l i n e a r e x t r a p o l a t i o n of the trends i n 
F i g s . 4.3 and 4.4b, underlying which there i s the assumption th a t 
the f e l d s p a r composition remains s u b s t a n t i a l l y constant throughout 
the s e r i e s . T h i s i s not i n general t r u e , p a r t i c u l a r l y with regard 
to Na 0/(Na 0+K 0 ) , and so the "composition" r e p r e s e n t s no more 2 2 2 
than an average about v*iich an unknown degree of v a r i a t i o n may 
have occurred. 
Secondly, f e l d s p a r f r a c t i o n a t i o n cannot alone account f o r 
the e n t i r e chemical v a r i a t i o n along the phonolite sequence. Fig.4.1 
r e v e a l s pronounced d e c l i n e s i n t o t a l i r o n oxide, MgO, CaO and I i 0 2 
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i n a d d i t i o n to the p a t t e r n s of change a t t r i b u t a b l e t o the removal 
of f e l d s p a r . (The CaO content of ( A b , O r ) 9 5 A n 5 i s about 1.5%, by 
no means great enough to reduce the calcium content of the l i q u i d ) . 
The most probable explanation of the d e c l i n e i n i r o n , magnesium 
and calcium seen i n Fig.4.1 i s the p r e c i p i t a t i o n of clinopyroxene. 
I n the p e r a l k a l i n e p honolite l a v a s of Mount Suswa (Nash et a l . . 1969), 
pyroxene i s the most abundant phenocryst phase a f t e r f e l d s p a r , and 
both here and i n p e r a l k a l i n e phonolite dykes from the I g a l i k o 
complex (Emeleus and Harry, 1970; Emeleus, personal communication) 
the e a r l y pyroxene i s found to be soda-poor a u g i t e . I t i s not 
unreasonable to suppose t h e r e f o r e t h a t the f r a c t i o n a t i o n of augite 
could have removed i r o n , calcium and p a r t i c u l a r l y magnesium from 
the phonolite magma, at the same time having l i t t l e i n f l u e n c e on 
the percentage of sodium. I t may be noted t h a t the MgO content 
of the Gr^nnedal-Ika dykes i s very low, suggesting th a t l a t e r 
pyroxenes moved very c l o s e to the hedenbergite-acmite boundary of 
the clinopyroxene f i e l d . 
I t i s l i k e l y t h a t the p r e c i p i t a t i o n of s m a l l amounts of other 
m i n e r a l s , most probably f a y a l i t i c o l i v i n e , titanomagnetite and 
perhaps b i o t i t e , has a l s o c o n t r i b u t e d to the d e c l i n e i n i r o n and 
titanium i n the phonolite s e r i e s . Phenocrysts of o l i v i n e and 
titanomagnetite a r e q u i t e common i n the l a v a s of Mount Suswa 
(Nash e t a l . . 1969) and the I g a l i k o dykes (Emeleus, personal 
communication). 
Because the tre n d seen i n Fig.4.3 i s the r e s u l t a n t of v e c t o r s 
from the composition p o i n t s of a l l the f r a c t i o n a t i n g phases, the 
composition a t t r i b u t e d to the f e l d s p a r i n preceding pages r e q u i r e s 
minor adjustment. A f t e r f e l d s p a r , the main phenocryst phase appears 
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t o have been pyroxene, whose composition i n the system 
N a 2 0 - K 2 0 ~ A 1 2 0 3 - S i 0 2 l i e s on the SiC> 2~Na 20 margin, c l o s e to the 
SiO apex i f i t i s soda-poor. To compensate f o r the i n f l u e n c e 
of pyroxene, one may suppose the f e l d s p a r to have been somewhat 
more aluminous than the foregoing arguments based on f e l d s p a r 
f r a c t i o n a t i n g alone suggest. S i m i l a r reasoning a p p l i e s to the 
Or-content. 
I n summary, the d i s t r i b u t i o n of the compositions i n the 
system Na O-K 0«A1 0 -SiO suggests t h a t the f r a c t i o n a t i o n of 
& & £ 3 nit 
a l k a l i f e l d s p a r was the c h i e f i n f l u e n c e on the chemical e v o l u t i o n 
of the Grtffnnedal-fka phonolite magma. The composition of the 
f e l d s p a r appears to have been c l o s e to but on the An,Or-rich 
s i d e of Ab__Or._An_. T h i s c o n c l u s i o n , together w i t h the i d e n t i -55 40 5 » =» 
f i c a t i o n of sodium-poor f e r r o - a u g i t e as the other major pheno-
c r y s t phase, i s i n good agreement w i t h phenocryst data from the 
Mount Sj»swa p e r a l k a l i n e p h o n o l i t e l a v a s (Nash e t a l . , 1969), a 
c l o s e l y s i m i l a r s u i t e of r o c k s . Comparable chemical data f o r 
other a r e a s are l a c k i n g i n the l i t e r a t u r e . 
O r i g i n of the P o t a s s i u m - d e f i c i e n t Members 27058 and 27151 
I n two members of the phonolite s e r i e s (27058 and 27151) the 
sodium:potassium r a t i o i s anomalously high. T h e i r e x c e p t i o n a l 
c h a r a c t e r i s made c l e a r i n F i g s . 4.1, 4.3 and 4.4b i n which they 
appear as s o l i d t r i a n g l e s . The r e l a t i o n between these rocks and 
the main sequence of p h o n o l i t e s i s p r o b l e m a t i c a l . There i s no 
experimental j u s t i f i c a t i o n for regarding them as r e p r e s e n t a t i v e 
of a divergent high-sodium trend, as t h e i r p o s i t i o n i n s e v e r a l 
diagrams suggests s u p e r f i c i a l l y . On the c o n t r a r y , the a n a l y s e s 
of c o e x i s t i n g rocks and phenocrysts given by Nash e t a l . (1969) 
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imply that f e l d s p a r f r a c t i o n a t i o n operating alone produces a strong 
convergence o f l i q u i d paths i n t o a pronounced thermal trough i n the 
system Na 0-K 0-A1 0 -SiO . The composition of the l e s s extreme 2 2 2 3 2 
rock, 27058, could w e l l l i e on a path convergent w i t h the m a j o r i t y 
trend i n F i g s . 4.3 and 4.4b, although why i t should be the only 
r e p r e s e n t a t i v e of such a l i q u i d path cannot be explained. 
The composition of 27151, however, cannot r e a l i s t i c a l l y be 
thought to l i e on a path convergent w i t h the main sequence of 
ph o n o l i t e s , and i t s o r i g i n i s obscure. The high content of the 
incompatible elements Z r , Nb, L a and Th suggests a more extreme 
c h a r a c t e r than t h a t of the other p h o n o l i t e s i n the s u i t e , but 
t h i s c h a r a c t e r i s not r e f l e c t e d i n much of the major element 
chemistry. I t i s p o s s i b l e t h a t the composition of t h i s rock has 
been modified by the l o s s of a sodium-rich vapour phase, as 
envisaged by Macdonald (1969), Macdonald et a l . (1970) and Noble 
(1970). I f t h i s were so, the o r i g i n a l composition of 27151 would 
l i e to the r i g h t of i t s present p o s i t i o n i f F i g s . 4.1 and 4.2a, 
and the rock could perhaps be regarded as an extreme member of 
the main ph o n o l i t e trend. 
4.5 Impli e d Phase R e l a t i o n s i n the System Na 0-K 0-A1 0 -SiO -H 0 
To a l a r g e e x t e n t , experimental and p e t r o l o g i c a l s t u d i e s 
of the p e r a l k a l i n e r o c k s have been l i m i t e d to the s i l i c a -
o v e r s a t u r a t e d f i e l d i n the system Na 0-K 0-A1 0 -SiO , the 
exception being t h e rocks of Mount Suswa (Nash et a l . . 1969). 
Following the formulation of the " o r t h o c l a s e e f f e c t " by B a i l e y 
and S c h a i r e r (1964), Thompson and MacKenzie (1967) p o s t u l a t e d from 
experimental data t h a t the thermal v a l l e y i n the S i 0 2 - N a A l S i 3 0 8 -
KAlSi„0 o s e c t i o n of the quaternary system extends i n t o the p e r a l k a l i n c 
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volume as a low temperature zone moving r e l a t i v e l y c l o s e r to 
the Na O-Al 0 -SiO boundary as the excess of a l k a l i oxides 
over alumina i n c r e a s e s . I n the f o l l o w i n g paragraphs, the bearing 
of the Grjrfnnedal-Ika p h o n o l i t e s on the extension of t h i s low 
temperature zone i n t o the undersaturated volume of Na 0-K O-Al 0 -
2 2 2 3 
S i 0 2 i s examined. I n t h i s d i s c u s s i o n , the system should" regarded 
as the quaternary condensed p a r t of the system Na 0-K O-Al 0 -
2 2 2 3 
SiO -HO, to which the work of Thompson and MacKenzie r e f e r s . 
Fig.4.5 shows the compositions of the main s e r i e s of 
Gr^nnedal-Ika phonolites p r o j e c t e d i n t o the plane Al^O^.SSiO^-
Na 0.3SiO -K 0.3SiO , which i s the h o r i z o n t a l s e c t i o n c o n t a i n i n g 2 2 2 2 
the Ab-Or j o i n i n Fig.4.4a. The diagram a l s o shows, as WZ, the 
l i n e of i n t e r s e c t i o n of the experimentally observed low temper-
ature s u r f a c e (Thompson and MacKenzie, 1967) with the plane of 
the s e c t i o n . 
While the l a c k of phenocrysts i n the Grtfnnedal-lka dykes 
precludes d i r e c t demonstration, i t can reasonably be supposed 
that the phonolite compositions l i e c l o s e to the a x i a l s u r f a c e 
of the low temperature zone extended i n t o the undersaturated 
volume of the system Na 0-K O-Al 0 -SiO . The t r e n d i n Fig.4.4b 
2 2 2 3 2 
i n t e r s e c t s the SiO -NaAlSiO -KAlSiO. s e c t i o n at a point c l o s e to 
2 4 4 
but on the K A l S i 0 4 - r i c h s i d e of the thermal depression j o i n i n g 
the a l k a l i f e l d s p a r and nepheline s y e n i t e minima (Morse, 1969), 
represented by the point M, Fig.4.5. The p h o n o l i t e sequence may 
t h e r e f o r e be regarded as a s e r i e s of l i q u i d s moving i n t o the 
p e r a l k a l i n e thermal trough from the p o t a s s i c s i d e . A l t e r n a t i v e l y 
the phonolite a n a l y s e s may l i e i n a n a t u r a l low temperature zone 
found a t more p o t a s s i c compositions than th a t i n the analogous 
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FIG.4.5. 
P a r t of the plane A l 0 .3SiO -Na O.3SiO -K 0.3SiO i n the 
2 3 2 2 2 2 2 
system Na O-K 0-A1 0 -SiO , showing 2 2 2 3 2 
( a ) the compositions of the Grjfeinedal-Ika p h o n o l i t e s i n 
molecular proportions p r o j e c t e d i n t o the plane by j o i n i n g t h e i r 
p o s i t i o n s i n the tetrahedron t o the SiC> 2 apex, 
(b) the i n t e r s e c t i o n of the a x i a l s u r f a c e of the low temperature 
zone of Thompson and MacKenzie (1967) with the plane of the 
s e c t i o n (WZ), and 
( c ) the t r a c e of the probable phonolite l i q u i d path, i n the 
low temperature zone extended i n t o the undersaturated volume, 
p r o j e c t e d i n t o the plane of the diagram i n a s i m i l a r manner to 
the d a t a points (MV). 
The i n s e t f i g u r e shows the p o r t i o n of the plane shown i n the 
main f i g u r e . Thompson and MacKenzie (1967) and Nash e t a l . 
(1969) r e f e r to the plane i n c o r r e c t l y as A l 0 .6SiO -Na 0.6SiO -
K 0.6SiO . 2 2 
Symbols are as i n Fig.4.1. The p o t a s s i u m - d e f i c i e n t members are 
not shown. 
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I n e i t h e r c a s e , the r e s u l t s given i n t h i s paper i n d i c a t e 
t h a t a t the degree of und e r s a t u r a t i o n of the dykes the low 
temperature s u r f a c e has moved towards the Na 0-A1 0 -SiO margin 
2 2 3 2 
r e l a t i v e t o the l i n e WZ i n Fig.4.5. T h i s s i t u a t i o n p a r a l l e l s 
t h a t i n the Petrogeny's Residua system and i s c o n s i s t e n t w i t h 
the trend of the a x i a l s u r f a c e shown by Thompson and MacKenzie 
(1967) ( t h e i r f i g u r e 7 ) , who makes i t c l e a r t h a t the zone i s not 
r a d i a l to the SiO^ apex of the quaternary system. 
The l i n e s WZ and MV a r e divergent i n Fig.4.5. T h i s may be 
a t t r i b u t e d to the down-plunging of the phonolite trend ( F i g . 4 . 3 ) 
i n the low temperature zone. To the extent t h a t the present data 
and those of Thompson and MacKenzie (1967) a r e d e f i n i t i v e , the 
a x i a l s u r f a c e i n t h i s p a r t of t he system may be regarded simply 
as a planar extension of t h a t shown by Thompson and MacKenzie. 
There i s no h i n t of the curvature i n the a x i a l s u r f a c e i n f e r r e d 
by Nash e t a l . (1969) from the r e v e r s a l of f e l d s p a r zoning i n the 
Mount Suswa l a v a s , but f e a t u r e s of t h i s s u b t l e t y are u n l i k e l y t o 
be detected i n the v a r i a t i o n of bu l k rock composition. 
4.6 IDENTITY AND PETROGENESIS OF THE PARENT MAGMA 
I t i s commonly supposed t h a t magma of t r a c h y t e composition 
i s the immediate parent of both the ph o n o l i t e s and the a l k a l i n e 
r h y o l i t e s . The ov e r s a t u r a t e d and undersaturated end-members are 
each a s s o c i a t e d w i t h t r a c h y t e i n many provinces ( s e e B a i l e y and 
S c h a i r e r , 1966) and r e l a t i o n s i n the systems Qz-Ne-Kp ( s e e Morse, 
1969) and Na 0-A1 0 -Fe 0 - S i 0 o ( B a i l e y and S c h a i r e r , 1966) are 2 2 3 2 3 2 
c o n s i s t e n t with the hypothesis. The Gr^nnedal-Ika phonolite dykes 
are s i m i l a r l y a s s o c i a t e d w i t h s a t u r a t e d t r a c h y t e s i n the f i e l d , as 
a r e the ifevas of Mount Suswa. Nash e t a l . (1969) conclude t h a t the 
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l a t t e r have been d e r i v e d from a n e a r l y s a t u r a t e d t r a c h y t e parent, 
and such a process may l i e behind the p a t t e r n of the Grtefnnedal-l'ka 
dykes seen i n Fig.4.3. I t i s conventional t o regard a l k a l i o l i v i n e 
b a s a l t as the progenitor of t r a c h y t e ( f o r example, Upton, 1960). 
I t may be seen from Fig.4.6 however t h a t the Greenland dykes 
a r e s i g n i f i c a n t l y more undersaturated than t h e i r counterparts from 
Mount Suswa. Moreover, work on the t r a c h y t e s w i t h which they a r e 
a s s o c i a t e d i n the f i e l d (Chapter 7) r e v e a l s a s i z e a b l e compositional 
gap between the two types. Recent papers (Coombs and Wilkinson, 1969 
Wright, 1971) suggest that between the spectrum of b a s a l t i c magmas 
and t h e i r s a l i c d i f f e r e n t i a t e s t h e r e e x i s t s a continuum of p a r a l l e l 
l i n e a g e s a t d i f f e r i n g degrees of s i l i c a - u n d e r s a t u r a t i o n , s e v e r a l of 
which may be represented i n any one province. The p a t t e r n of 
analyses i n Fig.4.3 may thus represent a l i n e a g e from a nepheline-
poor b a s a n i t e l i q u i d v i a a s l i g h t l y undersaturated t r a c h y t e , running 
alongside t h a t which produced the a s s o c i a t e d s a t u r a t e d - t r a c h y t e 
a c t i v i t y . 
Very l i t t l e evidence i s a v a i l a b l e as to the mechanism of 
f r a c t i o n a t i o n , whether f r a c t i o n a l c r y s t a l l i s a t i o n or p a r t i a l 
melting. The absence of phenocrysts from the phonolites (and the 
a s s o c i a t e d t r a c h y t e s ) i s unusual, but can be i n t e r p r e t e d i n terms 
of e i t h e r model. S u p e r f i c i a l l y the r a r i t y of exposed mafic 
p l u t o n i c rocks i n the Gardar province, as elsewhere, points t o the 
dominance of p a r t i a l melting a t depth i n the production of the 
s a l i c magmas ( c . f . B a i l e y , 1964; B a i l e y and S c h a i r e r , 1966; Wright, 
1971), but s e v e r a l authors (Upton, 1960; S/6rensen, 1966; B e r t h e l s e n 
and Noe-Nygaard, 1965) have suggested t h a t the r e g i o n a l s t r u c t u r e 
i s compatible w i t h e x t e n s i v e magma chambers a t depth i n which the 
f r a c t i o n a l c r y s t a l l i s a t i o n of l a r g e volumes of mafic magma may 
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FIG.4.6. 
Compositions of the Mount Suswa l a v a s (Groups 3 and 4) p l o t t e d 
i n a p o r t i o n of the system ( N a 2 O K 2 0 ) » A l 2 0 3 - S i 0 2 ( i n molecular 
u n i t s ) ; Data a r e from Nash e t _ a l . ( 1 9 6 9 ) . The a r e a shown i s 
the same as i n Fig.4.3; the d i s t r i b u t i o n of the f r e s h Grjzfnnedal* 
I k a phonolites i s r e p r e s e n t e d by the s t i p p l e d a r e a . 
S o l i d t r i a n g l e s : 
Open t r i a n g l e s : 
S o l i d c i r c l e s : 
Open c i r c l e s : 
Rock 
R e s i d u a l 
g l a s s 
Rock 
R e s i d u a l 
g l a s s 
) 
) Group 3 
) 
) 
) Group 4 
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have occurred. The l a t t e r a l t e r n a t i v e i s supported by the 
abundance of a n o r t h o s i t e i n c l u s i o n s present i n the b a s i c Gardar 
dykes (Bridgwater and Harry, 1968). I n the absence of d e f i n i t i v e 
chemical c r i t e r i a , however, i t would be i n a p p r o p r i a t e to embark 
on f u r t h e r s p e c u l a t i o n here. 
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CHAPTER 5 
APPLICATION OF R-MODE FACTOR ANALYSIS TO THE PHONOLITE DYKES 
The preceding chapter l e d to the c o n c l u s i o n t h a t chemical 
v a r i a t i o n i n the p e r a l k a l i n e phonolite dykes of the Gnzfanedal-
I k a a r e a i s a t t r i b u t a b l e to two dominant i n f l u e n c e s , magmatic 
e v o l u t i o n r e s u l t i n g c h i e f l y from f e l d s p a r f r a c t i o n a t i o n , and 
a l t e r a t i o n of nepheline to g i e s e c k i t e . R-mode f a c t o r a n a l y s i s , 
a m u l t i v a r i a t e s t a t i s t i c a l technique h i t h e r t o l i t t l e used i n 
igneous petrology, has been a p p l i e d to the data reported i n the 
previous chapter, with two o b j e c t i v e s : 
1. To i l l u s t r a t e the a p p l i c a b i l i t y of the technique to 
p e t r o l o g i c a l data i n an i n s t a n c e which i s simple and 
w e l l understood from conventional methods of study; 
2. To e x t r a c t from the data any f u r t h e r i n f l u e n c e s which 
may be operating, apart from those a l r e a d y defined. 
The background to f a c t o r a n a l y s i s has been summarised i n Chapter 2, 
and no f u r t h e r i n t r o d u c t i o n w i l l be given here. Other r e l e v a n t 
p o i n t s a r e d i s c u s s e d i n Appendix 5. 
A box diagram r e p r e s e n t i n g the p a t t e r n m a t r i x of the Promax 
oblique s o l u t i o n w i t h k.=3 for the p h o n o l i t e data given i n 
Appendix 6 (omitting the potash-poor members 27058 and 27151) i s 
shown i n Fig.5.1. Simple s t r u c t u r e has been taken as the 
c r i t e r i o n t o determine the most appropriate value of k; i n other 
words, the s o l u t i o n shown has the lowest number of s a l i e n t loadings 
(on the dominant two f a c t o r s ) . 
F a c t o r s 6 and 5, accounting f o r 45% and 17% of the observed 
v a r i a n c e r e s p e c t i v e l y , correspond w e l l with the c o n t r o l s enumerated 
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FIGURE 5.1 
Box diagram of the Promax oblique s o l u t i o n w i t h k=3 
for the p e r a l k a l i n e phonolite dykes of t h e Grjrfnnedal-
f k a a r e a . The potash-poor specimens 27058 and 27151 
have been omitted from the sample. The corresponding 




























i n the previous chapter. The s t r u c t u r e of f a c t o r 6 r e f l e c t s the 
i n c r e a s e i n A l , H^O, Na, Nb and Zn w i t h p r o g r e s s i v e magmatic 
f r a c t i o n a t i o n , and the accompanying d e c l i n e i n T i , Ba Fe"1"1, Ca 
and K. The i d e n t i f i c a t i o n of t h i s f a c t o r i s o f course no great 
achievement, s i n c e the v a r i a t i o n i t r e p r e s e n t s i s obvious from 
the v a r i a t i o n diagrams given i n Chapter 4. Of greater s i g n i f i c a n c e 
i s the emergence of an " a l t e r a t i o n f a c t o r " , f a c t o r 5. I t comprises 
p o s i t i v e loadings on Z r , Th, Pb, Na, Zn, C I , Nb and Y and negative 
loadings on S r , Ca, K and La. The f i r s t group n e a r l y c o i n c i d e s 
w i t h the elements which a r e depleted i n the s l i g h t l y a l t e r e d 
rocks i n the s u i t e , presumably as a consequence of the a l t e r a t i o n 
process. Nb and Y were not p r e v i o u s l y i d e n t i f i e d as members of 
t h i s group, but both occur with b a r e l y s i g n i f i c a n t loadings i n 
f a c t o r 5. The elements appearing i n f a c t o r 5 with negative l o a d -
in g s are those whose concentrations a r e found to be enhanced i n 
the a l t e r e d p honolites r e l a t i v e to the f r e s h e r r o c k s . With the 
exception of 39779, the specimens i d e n t i f i e d as " a l t e r e d " i n the 
foregoing chapter have f a c t o r s c o r e s on f a c t o r 5 which a r e 
c o n s i s t e n t l y l e s s than -0.50. 
I t should be noted t h a t through the a p p l i c a t i o n of f a c t o r 
a n a l y s i s i t has proved p o s s i b l e to d e s c r i b e the s u b t l e chemical 
changes accompanying a l t e r a t i o n , by r e f e r r i n g only to the chemical 
v a r i a t i o n i n the r o c k s . Using conventional arguments i t would be 
hard to d i s t i n g u i s h such changes without r e f e r e n c e t o a petrographic 
s c a l e such as t h a t e s t a b l i s h e d i n Chapter 4. 
The phonolites a r e f i n e - g r a i n e d rocks and t h e r e f o r e poly-
c r y s t a l l i n e a l t e r a t i o n products cannot be i d e n t i f i e d w i t h absolute 
confidence. Thus i t i s not always p o s s i b l e t o d i s t i n g u i s h c o r r e c t l y 
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between micaceous products ( g i e s e c k i t e ) , whose formation b r i n g s 
about pronounced changes i n rock chemistry, and c a n c r i n i t e , whose 
e f f e c t s a r e comparatively mild. U n c e r t a i n t y of t h i s k i n d i s behind 
the appearance of 39779 among the " a l t e r e d " rocks d e f i n e d i n Chapter 
4 whereas i t s chemistry i s w e l l preserved. Conversely the a l t e r a t i o n 
f a c t o r s c o r e of 27183 i n d i c a t e s a c e r t a i n degree of a l t e r a t i o n , 
whereas the rock was c l a s s i f i e d as f r e s h because i n t h i n s e c t i o n 
the product appears to be c a n c r i n i t e . 
F a c t o r s 5 and 6 have s i g n i f i c a n t p o s i t i v e c o v a r i a n c e , a t t r i b -
u t a b l e l a r g e l y to the s h a r i n g of c e r t a i n elements (Na, Nb, Zn, Ca 
and K ) . 
Most elements behave i n a simple monotonic manner i n progression 
along the phonolite s e r i e s , the c o n c e n t r a t i o n r i s i n g or d e c l i n i n g i n 
a smooth l i n e a r or l o g a r i t h m i c p a t t e r n . There a r e however s e v e r a l 
exceptions to t h i s g e n e r a l i s a t i o n : these are elements which behave 
i n a more complex manner and appear to have a point of zero slope 
i n t h e i r v a r i a t i o n as p l o t t e d i n F i g s . 4.1 and 4.2. The behaviour 
of the r a r e e a r t h elements i n t h i s manner was mentioned i n Chapter 
4. Thi s tendency to n o n - l i n e a r i t y i s r e f l e c t e d i n f a c t o r 4: those 
elements whose trends appear t o be upwards-convex i n F i g s . 4.1 and 
4.2 have p o s i t i v e loadings, whereas those with the opposite tendency 
have negative loadings. There i s i n s u f f i c i e n t data to judge the 
s i g n i f i c a n c e of the p a t t e r n represented by f a c t o r 4 and the 
observation may be spurious. There i s no obvious p h y s i c a l explan-
a t i o n of f a c t o r 4, but i t may r e p r e s e n t a number of a s s o c i a t i o n s 
which cannot be r e s o l v e d i n the present s m a l l volume of data. 
F a c t o r 3 e v i d e n t l y r e p r e s e n t s o x i d a t i o n and i s broadly 
c h a r a c t e r i s t i c of the more a l t e r e d rocks i n the s e r i e s . L i t t l e 
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s i g n i f i c a n c e can be attached to f a c t o r s 1 and 2, and the a s s o c -
i a t i o n s they represent probably a r i s e from the inadequate volume 
of data used. M u l t i v a r i a t e a n a l y s i s f u n c t i o n s w i t h b e s t r e s u l t s 
when the body of data to be a n a l y s e d i s l a r g e . When t h i s c o n d i t i o n 
i s not met, there i s always the danger of p i c k i n g out spurious 
a s s o c i a t i o n s which a r e present by chance i n the data but which a r e 
not r e p r e s e n t a t i v e of the population from which the sample has been 
drawn. 
I n c o n c l u s i o n , the a p p l i c a t i o n of f a c t o r a n a l y s i s to the s u i t e 
of p e r a l k a l i n e phonolites d e s c r i b e d i n Chapter 4 s u b s t a n t i a t e s i n 
some d e t a i l the conclusions drawn from conventional methods of 
examination. Other a s s o c i a t i o n s o f p o s s i b l e s i g n i f i c a n c e a r e i d e n t -




THE ALTERED PHONOLITE DYKES 
6.1 I n t r o d u c t i o n 
Phonolites c o n s t i t u t e the most abundant s a l i c dyke type i n / 
the Grj#nnedal-Ika a r e a , and among them s e v e r e l y a l t e r e d rocks 
form a v o l u m e t r i c a l l y s i g n i f i c a n t sub-group. The onset of a l t e r -
a t i o n i n the phonolites as a whole occurs i n two d i s c r e t e s t a g e s , 
between which interm. ecliate i n s t a n c e s are r a r e . The f i r s t s tage, 
i n which i n d i v i d u a l nepheline c r y s t a l s a r e r e p l a c e d , u s u a l l y by 
g i e s e c k i t e , has been d i s c u s s e d i n Chapters 4 and 5, and i t s e f f e c t 
may f o r most purposes be ignored. I n c o n t r a s t the second stage of 
a l t e r a t i o n b r i n g s about much more profound changes. The a l t e r e d 
p h o n o l i t e s , considered j o i n t l y w i t h the f r e s h e r r o c k s , provide an 
opportunity for examining the a l t e r a t i o n phenomena which are 
widespread i n the Grjrfnnedal-lka complex, and the study of these 
processes may shed l i g h t on the metasomatic agents which are 
p o s s i b l y r e s p o n s i b l e . 
6.2 Petrography of the A l t e r e d Phonolites 
The petrography of the a l t e r e d p h o n o l i t e s i s uniform and 
simple. Needles of a l k a l i f e l d s p a r and s m a l l p a r t i c l e s of opaque 
or l i m o n i t i c m a t e r i a l are s e t i n a ground-mass which appears t o 
c o n s i s t of g i e s e c k i t e . The f e l d s p a r r e t a i n s the pronounced a c i c u l a r 
h a b i t observed i n the w e l l preserved phonolites (Chapter 4 ) , and the 
general appearance i n t h i n s e c t i o n , apart from the i d e n t i t y of tVie 
i n t e r s t i t i a l m a t e r i a l , i s r e m i n i s c e n t of the f r e s h e r rocks. On these 
grounds i t may reasonably be supposed t h a t the a l t e r e d dykes of t h i s 
type have i n f a c t been d e r i v e d from rocks e s s e n t i a l l y i d e n t i c a l to 
111 
or at l e a s t comagmatic w i t h the p e r a l k a l i n e p h o n o l i t e s , and the 
rocks a r e t h e r e f o r e r e f e r r e d to as " a l t e r e d p h o n o l i t e s " , although 
no t r a c e of f e l d s p a t h o i d m i n e r a l s has been preserved. 
The points of d i f f e r e n c e between the f r e s h and s e v e r e l y a l t e r e d 
p h o n o l i t e s may be summarised as f o l l o w s : 
( a ) the mafic m i n e r a l s c h a r a c t e r i s t i c of the f r e s h p h o n o l i t e s , 
u s u a l l y a e g i r i n e , have been r e p l a c e d by o x i d i s e d a l t e r a t i o n 
products; 
(b) whereas the m a t r i x of the w e l l preserved phonolites c o n s i s t s 
of analcime, the corresponding m a t e r i a l i n the a l t e r e d r ocks i s 
micaceous. ' 
The coincidence of these two a l t e r a t i o n phenomena suggests t h a t , 
u n l i k e the f i r s t stage of a l t e r a t i o n d i s c u s s e d p r e v i o u s l y , the 
process operating here i s not simply a d e u t e r i c e f f e c t but that 
e x t e r n a l agents play an e s s e n t i a l p a r t . The arguments for and 
a g a i n s t t h i s i n t e r p r e t a t i o n a r e considered below. 
6.3 Chemistry 
Chemical a n a l y s e s and CIPW norms of eight a l t e r e d phonolites 
are tabulated i n Tables A.6, A.7 and A.8 i n Appendix 6. Comparison 
w i t h the corresponding data for the u n a l t e r e d phonolites i n d i c a t e s 
s e v e r a l gross d i f f e r e n c e s . F i r s t l y the sodium content i s much 
lower i n the a l t e r e d r o c k s , w h i l s t s i l i c o n and potassium show a 
s l i g h t r i s e and aluminium s t a y s almost the same. These changes 
account f o r the presence of corundum and quartz i n the norms of 
the a l t e r e d r o c k s , i n c o n t r a s t to normative acmite and nepheline 
i n the f r e s h dykes. The water content, though v a r i a b l e , i s 
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n o t i c e a b l y lower i n the a l t e r e d p h o n o l i t e s , being i n the re g i o n 
of 1.0-1.5% as opposed to 4.596 i n the u n a l t e r e d rocks. T h i s may 
be r e l a t e d t o the d i f f e r e n c e i n water content between analcime and 
mica. Among the t r a c e elements, the Ba content r i s e s i n p a s s i n g 
to the a l t e r e d r o c k s , whereas Zn i s depleted i n them. 
6.4 M i n e r a l o q i c a l Aspects of A l t e r a t i o n 
The chemical changes accompanying the a l t e r a t i o n of a 
phonolite depend on the nature of the min e r a l s which a r e a t t a c k e d 
and on t h a t of the products. The i d e n t i t y of the former i s a 
s u b j e c t for s p e c u l a t i o n or assumption, but some l i m i t may be imposed 
on the chemical e f f e c t s of a l t e r a t i o n i f the i d e n t i t y of the 
products i s known. Microscopic examination provides only the 
broadest i n d i c a t i o n of the nature of the a l t e r a t i o n products, of 
which c a n c r i n i t e and g i e s e c k i t e a r e the most common. L i t t l e i s 
known o f the c h a r a c t e r of the micaceous product i n p a r t i c u l a r , and 
i n view of the profound changes which i t s formation, supposedly 
a t the expense of nepheline or analcime, b r i n g s about, an 
examination of t h i s m a t e r i a l by X-ray d i f f r a c t i o n methods has 
been undertaken. 
Specimens of g i e s e c k i t e have been obtained from s e v e r a l rock 
types i n the Gr^nnedal-Ika complex. The m a t e r i a l i s so abundant 
i n the a l t e r e d p h o n o l i t e s t h a t i d e n t i f i c a t i o n of the micaceous 
product i s p o s s i b l e using the whole-rock powder. A l t e r e d s y e n i t e s 
i n which l a r g e aggregate-pseudomorphs a f t e r nepheline can be 
i d e n t i f i e d i n the hand-specimen c o n s t i t u t e the other source of 
g i e s e c k i t e ; i n such c a s e s the specimen of g i e s e c k i t e has been 
d r i l l e d from a cut f a c e of the rock by means of a d e n t a l d r i l l . 
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TABLE 6.1 Summary of X»ray d i f f r a c t i o n determinations on 
g i e s e c k i t e . 
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The r e s u l t s obtained from these samples using photographic and 
d i f f r a c t o m e t r i c methods, are summarised i n Table 6.1. 
I n every case except one, muscovite appears to be the dominant 
o 
component of g i e s e c k i t e . The i d e n t i f i c a t i o n i s based on the 10A 
b a s a l spacing alone, however, and the p o s s i b i l i t y of confusion w i t h 
i l l i t e must be considered, although the b a s a l peak measured i n 
these experiments was somewhat narrower than t h a t obtained from 
most i l l i t e s (Warshaw and Roy 1961). However, the danger of 
m i s i d e n t i f i c a t i o n i s of no great s i g n i f i c a n c e ; the v a l u e of the 
X-ray d i f f r a c t i o n experiments has been to e s t a b l i s h t h a t a 
p o t a s s i c a l u m i n o s i l i c a t e , whether i t i s muscovite, hydromuscovite 
or i l l i t e , i s the p r i n c i p a l component i n the samples of g i e s e c k i t e 
examined. The potassium l a y e r s i l i c a t e s a r e e a s i l y d i s t i n g u i s h e d 
from the sodium analogue of muscovite, paragonite, which has a 
o 
b a s a l spacing of 9.6-9.7A. Paragonite has not been detected i n 
the experiments r e p o r t e d here. 
There i s only l i m i t e d s o l i d s o l u t i o n between paragonite and 
muscovite even i n the r e g i o n of the experimental s o l i d u s , and a t 
the lower temperatures to be expected during metasomatism/alteration 
ther e i s u n l i k e l y to be more than 10% of the paragonite molecule i n 
muscovite ( e s t i m a t e based on the data of Eugster and Yoder 1955). 
Even a l l o w i n g f o r s m a l l amounts of d i s c r e t e paragonite which may 
not have been detected i n the work reported here, and b e a r i n g i n 
mind the minor phases a s s o c i a t e d w i t h the mica (Table 6.1), one 
may conclude t h a t sodium i s very much subordinate to potassium i n 
the g i e s e c k i t e specimens s t u d i e d . 
I n the m i n e r a l s f r a u which g i e s e c k i t e i s presumed t o have been 
115 
formed, the s i t u a t i o n i s the r e v e r s e . From the data reported by 
M i y a s h i r o (1951), Deer et a l . (1963) and Heier (1966), i t i s 
probable that the nepheline found i n the Grgfnnedal-Ika dykes and 
s y e n i t e s w i l l c o ntain no more than 15-25% of the k a l s i l i t e molecule. 
With the exception o f r a r e potassium-bearing phenocrysts from 
b a s a l t i c l a v a s , analcime i s i n v a r i a b l y more s o d i c than nepheline, 
the maximum K 0 content being l e s s than 1% (Deer e t a l . 1963). 
Thus the c h i e f consequence of the decomposition o f e i t h e r m a t e r i a l 
i n t o g i e s e c k i t e w i l l be the l o s s of sodium, e i t h e r t o other phases 
i n the r o c k or more probably away from the rock e n t i r e l y . Potassium 
on the other hand w i l l be l o s t i n very s m a l l proportions, i f a t a l l . 
Indeed c a l c u l a t i o n shows t h a t u n l e s s the k a l s i l i t e content of 
nepheline i n v o l v e d i n such a r e a c t i o n exceeds 25% t h e r e must be a 
net gain i n potassium r a t h e r than a l o s s i n order to balance the 
equation and to s a t i s f y the K^O content of muscovite. T h i s con-
c l u s i o n a p p l i e s to a l l probable analcime compositions. Comparison 
of the formulae of nepheline, analcime and muscovite i n d i c a t e s t h a t 
the r e l a t i v e proportions of SiO^ and A l 2 ° 3 undergo only s l i g h t 
changes. 
Experimental work i n the system nepheline-albite-H^O i n d i c a t e s 
a very e x t e n s i v e r e g i o n of analcime s t a b i l i t y a t low temperatures 
(Saha 1961), but even i n the s o d i c system the formation of mica has 
been recorded, suggesting the l o s s of Na^O and p o s s i b l y Al^O^ and 
SiO as w e l l i n the vapour phase. I t seems probable th a t when 
potassium i s admitted t o the system the s t a b i l i t y f i e l d of mica 
i s g r e a t l y extended. I n the l i g h t of experimental work, the 
decomposition of n a t u r a l nepheline i n the s y e n i t e s and phonolites 
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i n t o muscovite and analcime may be regarded as simply a d e u t e r i c 
e f f e c t , brought about by slow c o o l i n g of nepheline i n the presence 
of water vapour which i s a primary component of the rock. I f t h i s 
model i s v a l i d , the d i s t r i b u t i o n of nepheline a l t e r a t i o n among a 
s u i t e of rocks such as the f r e s h e r phonolites may be r e l a t e d t o the 
amount of water present a f t e r s o l i d i f i c a t i o n and the co o l i n g r a t e 
of the rocks. Rapid c h i l l i n g would presumably impede progress to 
sub-s o l i d u s assemblages which are i n e q u i l i b r i u m w i t h excess water. 
I f the bulk of the g i e s e c k i t e i n the a l t e r e d phonolite has 
been formed from analcime r a t h e r than nepheline, as seems probable, 
i t i s necessary to p o s t u l a t e the i n t r o d u c t i o n of potassium from 
outside the system, s i n c e analcime alone contains too l i t t l e to 
account f o r the proportion o f muscovite seen i n these rocks. 
6.5 Chemical Changes during A l t e r a t i o n 
The most important chemical d i f f e r e n c e s between the f r e s h 
phonolites and t h e i r supposed a l t e r e d e q u i v a l e n t s a r e shown i n 
F i g s . 6.1 and 6.2. I n both diagrams the p r e d i c t e d e f f e c t of what 
may be r e f e r r e d t o as 'taodel" a l t e r a t i o n i s shown f o r comparison 
w i t h the a c t u a l changes. The 'taodel" process r e f e r r e d to i s the 
sim p l e s t p o s s i b l e hypothesis of a l t e r a t i o n , the bulk l o s s of sodium 
from the rock. I t i s represented by two "sodium-loss" l i n e s i n 
F i g . 6.1 and 6.2. These l i n e s simply i n d i c a t e the l o c i of com-
p o s i t i o n s from which p r o g r e s s i v e l y l a r g e r amounts of sodium a r e 
sub t r a c t e d , the proportions of a l l other elements being h e l d 
constant. The arrows i n d i c a t e the d i r e c t i o n of s u c c e s s i v e l y s m a l l e r 
Na^O content. 
Examination of F i g s . 6.1 and 6.2 i n d i c a t e s t h a t "model" 
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FIGURE 6.1 
P a r t o f t h e system SiO - A l 0 -(Na O K 0 ) , i n m o l e c u l a r p r o p o r t i o n s 
showing t h e c o m p o s i t i o n s o f t h e a l t e r e d p h o n o l i t e s . The compos-
i t i o n a l range o f t h e f r e s h p h o n o l i t e s (Chapter 4) i s i n d i c a t e d by 
t h e s t i p p l e d a r e a. 
The p o i n t F i n d i c a t e s t h e f o r m u l a c o m p o s i t i o n o f b i n a r y a l k a l i 
f e l d s p a r . The two d i a g o n a l l i n e s a r e t h e l o c i o f c o m p o s i t i o n s 













P l o t o f Na/(Na+K) ve r s u s (Na+K)/Al i n c a t i o n a t o m i c p r o p o r t i o n s , 
showing t h e c o m p o s i t i o n s o f t h e f r e s h and a l t e r e d p h o n o l i t e s . 
Two sodium-loss l i n e s a r e shown, h a v i n g t h e same q u a l i t a t i v e 
s i g n i f i c a n c e as i n F i g . 6.1. 
Key 
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a l t e r a t i o n accounts f o r t h e observed changes o n l y i f t h e p r i m a r y 
c o m p o s i t i o n o f t h e n o w - a l t e r e d p h o n o l i t e s corresponded t o t h e 
l e a s t - d i f f e r e n t i a t e d o f t h e p r e s e r v e d p h o n o l i t e s , or were more 
p r i m i t i v e s t i l l . I f t h e p r i m a r y c o m p o s i t i o n s were e q u i v a l e n t t o 
t h e more advanced members o f t h e p h o n o l i t e s e r i e s , i t i s c l e a r 
t h a t b o t h t h e SiO :A1 0„ and t h e K 0:A1 0„ must have r i s e n 
2 2 3 2 2 3 
d u r i n g a l t e r a t i o n . 
A more comprehensive p i c t u r e o f t h e a l t e r a t i o n process i s 
a f f o r d e d by a p p l y i n g f a c t o r a n a l y s i s t o t h e f r e s h and a l t e r e d 
p h o n o l i t e s t o g e t h e r . The r e s u l t i s shown i n F i g . 6.3. The 
p a t t e r n c o n s i s t s o f seven f a c t o r s w h i c h t o g e t h e r account f o r 89% 
o f t h e o b served v a r i a n c e . F a c t o r 7, w h i c h i s r e s p o n s i b l e f o r 35% 
o f t h e t o t a l v a r i a n c e , may be t a k e n t o r e p r e s e n t t h e a l t e r a t i o n 
process under e x a m i n a t i o n . The s t r o n g n e g a t i v e l o a d i n g s f o r Na 
and H 2 0 + a 9 r e e w i t h t h e d e p l e t i o n o f t h e s e elements i n f e r r e d f r o m 
d i r e c t comparison o f t h e two p h o n o l i t e groups. They a r e opposed 
by h i g h p o s i t i v e l o a d i n g s f o r S i , K and Ba, and t h e r e a r e l e s s e r 
components i n t h e f a c t o r w h i c h r e f l e c t t h e enhancement o f T i and 
La and t h e r e l a t i v e d e p l e t i o n o f Zn, C I , Mn, Pb and perhaps Ca 
i n t h e a l t e r e d r o c k s . N e a r l y a l l o f these m i n o r l o a d i n g s i n d i c a t e 
v a r i a b l e s w i t h r e s p e c t t o w h i c h t h e f r e s h and a l t e r e d p h o n o l i t e s 
a r e e a s i l y d i s t i n g u i s h e d a t a s t a t i s t i c a l l y s i g n i f i c a n t l e v e l . The 
f a c t o r 7 scores p r o v i d e a d i s t i n c t d e m a r k a t i o n between t h e two 
groups. 
F a c t o r 6 i s v e r y s i m i l a r t o f a c t o r 6 i n t h e s o l u t i o n f o r t h e 
w e l l p r e s e r v e d p h o n o l i t e s a l o n e ( F i g . 5.1) and must t h e r e f o r e 
i n d i c a t e t h e degree o f p r i m a r y f r a c t i o n a t i o n r e p r e s e n t e d by a g i v e n 
r o c k . S e v e r a l minor l o a d i n g s a r e l o s t i n p a s s i n g t o t h e s o l u t i o n 
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FIGURE 6.3 
A box diagram o f t h e Promax o b l i q u e s o l u t i o n w i t h k=3 f o r t h e 
p h o n o l i t e s u i t e i n c l u d i n g t h e a l t e r e d p h o n o l i t e s . The p o t a s h -
poor specimens 27058 and 27151 and a g a l e n a - b e a r i n g a l t e r e d 
p h o n o l i t e 31818A have been o m i t t e d f r o m t h e sample. The 
c o r r e s p o n d i n g n u m e r i c a l d a t a f o r t h e s o l u t i o n a r e t a b u l a t e d 
i n Appendix 5. 
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now under d i s c u s s i o n , b u t t h i s i s because t h e v a r i a n c e o f t h e 
elements concerned, La, Na, H 2 0 + » ^ a a n c * K » * s d o m i n a t G < i by 
f a c t o r 7. The r e l a t i v e l y s u b t l e manner i n w h i c h t h e s e elements 
p a r t i c i p a t e i n f a c t o r 6 o f t h e f r e s h p h o n o l i t e p a t t e r n i s t h e r e f o r e 
n o t d i s t i n g u i s h a b l e i n t h e p r e s e n t case. 
The f a c t o r s c o r e s o f f a c t o r 6 a r e o f p a r t i c u l a r r e l e v a n c e . 
Those o f t h e w e l l p r e s e r v e d specimens v a r y f r o m + 2.5 f o r t h e 
l e a s t d i f f e r e n t i a t e d member (27183) t o -1.2 f o r t h e most advanced. 
The a l t e r e d specimens however e x t e n d over a s m a l l e r range o f f a c t o r 
s c o r e s , f r o m +0.9 t o -0.5. I t may be c o n c l u d e d w i t h some c o n f i d e n c e 
f r o m t h i s p a t t e r n t h a t t h e a l t e r e d p h o n o l i t e s were, i n t h e i r p r i m a r y 
s t a t e , i n t e r m e d i a t e members o f t h e p h o n o l i t e sequence. I t seems 
t h e r e f o r e t h a t t h e i n c i d e n c e o f a l t e r a t i o n i s u n l i k e l y t o depend 
on d i f f e r e n c e s i n p r i m a r y c o m p o s i t i o n , u n l e s s t h e a l t e r e d dykes 
o r i g i n a l l y formed an independent s e r i e s . 
The s t r u c t u r e o f f a c t o r 5 has much i n common w i t h t h e f a c t o r 
r e p r e s e n t i n g i n c i p i e n t a l t e r a t i o n i n t h e f r e s h e r p h o n o l i t e s . As i n 
t h e case o f f a c t o r 6, some components p r e s e n t i n t h a t f a c t o r a r e 
m i s s i n g , s i n c e t h e v a r i a n c e o f t h e elements concerned, Pb, Na, Zn, 
C I , Nb, Ca and K, i s dominated by f a c t o r 7. N e v e r t h e l e s s t h e 
v a r i a t i o n i n f a c t o r s c o r e between specimens i s more or l e s s i d e n t i c a l 
t o t h e p a t t e r n r e p r e s e n t i n g t h e f r e s h p h o n o l i t e s a l o n e . The s e p a r a t e 
i d e n t i t y o f t h e two a l t e r a t i o n f a c t o r s i n t h e p r e s e n t s o l u t i o n i s 
f u r t h e r e v i d e n c e t h a t t h e two c l a s s e s o f a l t e r a t i o n d i f f e r i n t y p e 
and n o t m e r e l y e x t e n t . 
W i t h t h e e x c e p t i o n o f f a c t o r 3, t h e r e m a i n i n g f a c t o r s a r e 
s i m i l a r t o t h o s e o b t a i n e d i n t h e f a c t o r a n a l y s i s o f t h e u n a l t e r e d 
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p h o n o l i t e s , a l t h o u g h t h e o r d e r o f im p o r t a n c e i s d i f f e r e n t . A l t h o u g h 
one c h a r a c t e r i s t i c o f t h e a l t e r a t i o n process under d i s c u s s i o n i s 
t h e breakdown o f i r o n - b e a r i n g s i l i c a t e s , o x i d a t i o n does n o t appear 
t o be i m p o r t a n t i n t h e p r o c e s s , s i n c e t h e o x i d a t i o n f a c t o r i d e n t i f i e d 
i n t h e s o l u t i o n shown i n F i g . 5.1 now has l e s s i n f l u e n c e . Presumably 
t h i s f a c t r e f l e c t s t h e h i g h p r i m a r y o x i d a t i o n s t a t e i n t h e p h o n o l i t e s . 
6.6 O r i g i n o f t h e A l t e r e d P h o n o l i t e s 
I t emerges f r o m t h e d i s c u s s i o n above t h a t t h e a l t e r e d p h o n o l i t e 
dykes cannot s i m p l y be r e g a r d e d as t h e p r o d u c t o f p u r e l y d e u t e r i c 
( c l o s e d - s y s t e m ) a l t e r a t i o n a c t i n g on members o f t h e f r e s h p h o n o l i t e 
s e r i e s . I t remains t o c o n s i d e r t h e a l t e r n a t i v e ways i n w h i c h t h e s e 
r o c k s may have been formed. 
The most s t r a i g h t f o r w a r d model i s t h a t t h i s t r a n s i t i o n has 
been b r o u g h t about by metasomatism, w h i c h i n t h e c o n t e x t o f a l k a l i n e 
magmatism i s r e f e r r e d t o as " f e n i t i s a t i o n " . The s u b j e c t i s r e v i e w e d 
by McKie ( 1 9 6 6 ) , H e i n r i c h (1966, p.68) and Woolley ( 1 9 6 9 ) . B r o a d l y 
speaking f e n i t i s a t i o n i n v o l v e s t h e i n t r o d u c t i o n o f t h e a l k a l i m e t a l s 
and a luminium i n t o t h e f e n i t i s e d r o c k , o f t e n accompanied by t h e 
f o r m a t i o n o f a l k a l i amphibole or pyroxene. I n many cases t h e 
o r i g i n a l K:Na r a t i o o f t h e r o c k i s l i t t l e a l t e r e d . C e r t a i n more 
s p e c i a l i s e d processes a r e however i n c l u d e d w i t h i n t h e scope o f 
f e n i t i s a t i o n w h i c h a r e more a k i n t o t h e changes t h o u g h t t o accompany 
a l t e r a t i o n o f t h e p h o n o l i t e dykes. 
I f f e n i t i s a t i o n o f some k i n d i s r e s p o n s i b l e f o r t h e e x t e n s i v e 
a l t e r a t i o n o bserved i n t h e p h o n o l i t e dykes, i t must p r o v i d e a 
mechanism by w h i c h K and Ba a r e i n t r o d u c e d i n s i g n i f i c a n t p r o p o r t i o n s , 
and w h i c h causes a e g i r i n e t o decompose t o i r o n o x i d e s . I t i s 
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r e a s o n a b l e t o suppose t h a t t h e a l t e r a t i o n o f a n a l c i m e t o g i e s e c k i t e 
and t h e consequent l o s s o f Na c o u l d be a spontaneous response t o 
such changes. Woolley (1969) r e c o r d s r a r e i n s t a n c e s o f p o t a s s i u m -
metasomatism o f t h i s k i n d , w h i c h he r e f e r s t o as " f e l d s p a t h i s a t i o n " . 
The process i s r e s p o n s i b l e f o r t h e f o r m a t i o n o f t h e " f e l d s p a t h i c 
o r t h o c l a s i t e b r e c c i a " ( S u t h e r l a n d 1965) w h i c h , when p r e s e n t , forms 
t h e i n n e r m o s t s i l i c a t e m a n t l e around a c a r b o n a t i t e body, and 
t h e r e f o r e marks t h e h i g h e s t grade o f c a r b o n a t i t e f e n i t i s a t i o n . 
O ther i n s t a n c e s o f potash-metasomatism i n a l k a l i n e p r o v i n c e s , 
w h i c h a r e l e s s r e s t r i c t e d i n o c c u r r e n c e , a r e d e s c r i b e d by C u r r i e 
(1971) and H e i n r i c h and Moore ( 1 9 7 0 ) , b u t t h e breakdown o f 
f erromagnesian s i l i c a t e s i s n o t always apparent i n t h e s e cases. 
F e l d s p a t h i c b r e c c i a s such as d e s c r i b e d by Woolley a r e n e a r l y mono-
m i n e r a l l i c r o c k s c o n s i s t i n g o f o r t h o c l a s e or s a n i d i n e w i t h minor 
amounts o f i r o n o x i d e s . W o l l e y however r e c o r d s t h a t a s s o c i a t e d 
phenomena, i n p a r t i c u l a r t h e d e c o m p o s i t i o n o f a e g i r i n e , may e x t e n t 
i n t o t h e s y e n i t e s beyond t h e zone o f f e l d s p a t h i c b r e c c i a sensu 
s t r i c t o . 
A p r o c e s s o f t h i s n a t u r e , w h i c h b r o a d l y agrees w i t h t h e 
c h a r a c t e r i s t i c s o f a l t e r a t i o n i n f e r r e d above, may have been p a r t i a l l y 
r e s p o n s i b l e f o r t h e p r e s e n t c o n d i t i o n o f t h e a l t e r e d p h o n o l i t e d ykes, 
a l t h o u g h t h e e f f e c t s produced a r e by no means as extreme as i n many 
o f t h e i n s t a n c e s d e s c r i b e d above. There i s however i n s u f f i c i e n t 
c h e m i c a l d a t a on f e l d s p a t h i s a t i o n , p a r t i c u l a r l y w i t h r e g a r d t o t r a c e 
e l e ments, t o a l l o w t h i s argument t o be c a r r i e d f u r t h e r . Moreover 
t h e h y p o t h e s i s i s open t o o b j e c t i o n on c h r o n o l o g i c a l grounds; 
i n t e r s e c t i o n s and f a u l t i n g i n t h e f i e l d i n d i c a t e w i t h o u t r e a s o n a b l e 
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doubt t h a t t h e p h o n o l i t e s p o s t - d a t e t h e emplacement o f c a r b o n a t i t e 
i n t h e Grjrfnnedal-Ika complex. I t i s t h e r e f o r e necessary t o p o s t -
u l a t e a l a t e r episode o f c a r b o n a t i t e metasomatic a c t i v i t y , f o r 
w h i c h t h e r e i s no independent e v i d e n c e , i f f e l d s p a t h i s a t i o n i s t o 
be r e g a r d e d as t h e agent by w h i c h t h e p h o n o l i t e s have been a l t e r e d . 
An a l t e r n a t i v e b u t q u i t e u n s u p p o r t e d h y p o t h e s i s i s t h a t t h e 
a l t e r e d p h o n o l i t e s a r e a r e l i c o f a d i s t i n c t p h o n o l i t e s e r i e s , 
whose p e t r o g r a p h i c s i m i l a r i t y t o t h e group d e s c r i b e d i n Chapter 4 
i s no more t h a n c o i n c i d e n t a l . I f i t i s supposed t h a t t h e magma 
c o m p o s i t i o n was more p o t a s s i c t h a n t h a t f r o m w h i c h t h e f r e s h 
p h o n o l i t e s were formed, t h e m a t r i x o f t h e r o c k s may have c o n s i s t e d 
o f n e p h e l i n e . The s u s c e p t i b i l i t y o f n e p h e l i n e t o f o r m micaceous 
a l t e r a t i o n p r o d u c t s under h y d r o t h e r m a l c o n d i t i o n s i s w e l l e s t a b l i s h e d . 
The e x p e r i m e n t s by B a i l e y (1969) i n d i c a t e t h a t a e g i r i n e i s s t a b l e 
under such c o n d i t i o n s , b u t t h e i r o n o x i d e s seen i n t h e a l t e r e d 
p h o n o l i t e s may c o n c e i v a b l y be t h e r e l i c s o f a l k a l i amphibole, n o t 
pyroxene. Amphibole appears t o be q u i t e s u s c e p t i b l e t o o x i d a t i o n . 
Upton (1964a) has observed such a r e a c t i o n i n a q u a r t z - p o r p h y r y 
dyke i n T u g t u t o q , and E r n s t (1962) r e c o r d s s i m i l a r evidence o f 
s u b - s o l i d u s i n s t a b i l i t y i n e x p e r i m e n t a l amphibole system a t h i g h 
f u g a c i t i e s . 
.7 Summary 
1.Experiments show t h a t g i e s e c k i t e u s u a l l y c o n s i s t s o f m u s c o v i t e 
w i t h minor amounts o f a n a l c i t e . The l a t t e r may become a major 
component i n some cases. 
2 . I n t h e breakdown o f n e p h e l i n e t o g i e s e c k i t e , t h e dominant c h e m i c a l 
change t o be e x p e c t e d i s t h e l o s s o f sodium. I n t h e case o f t h e 
i n c i p i e n t a l t e r a t i o n o bserved i n t h e " f r e s h " p h o n o l i t e s , t h e 
125 
e f f e c t s a r e s m a l l , l a r g e l y because n e p h e l i n e i s n o t v e r y abundant. 
The a l t e r a t i o n o f n e p h e l i n e t o a s i m i l a r e x t e n t i n a n e p h e l i n e -
r i c h s y e n i t e c o u l d however cause marked l o s s o f sodium, b u t s m a l l e r 
changes a r e t o be e x p e c t e d i f a n a l c i m e or c a n c r i n i t e f o r m a major 
p a r t o f t h e p r o d u c t . 
3.The c h e m i c a l d i f f e r e n c e s between t h e f r e s h and a l t e r e d p h o n o l i t e s 
do n o t conform t o a s i m p l e sodium-loss model. The d i s c r e p a n c i e s 
can "be e x p l a i n e d i n terms o f i n c i p i e n t f e l d s p a t h i s a t i o n , or t h e 
e x i s t e n c e o f a d i s t i n c t s e r i e s o f p h o n o l i t e s f r o m w h i c h t h e a l t e r e d 
r o c k s were formed by d e u t e r i c a l t e r a t i o n . There i s however no 
d i r e c t evidence i n s u p p o r t o f e i t h e r model. 
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CHAPTER 7 
THE CHEMISTRY OF THE TRACHYTE AND LAMPROPHYRIC DYKES 
7.1 I n t r o d u c t i o n 
I n a d d i t i o n t o t h e p h o n o l i t e dykes d e s c r i b e d i n the p r e v i o u s 
c h a p t e r and t h e u b i q u i t o u s b a s a l t / d o l e r i t e dykes, t h e r e i s evidence 
i n t h e G r ^ n n e d a l - I k a area o f s i g n i f i c a n t amounts o f t r a c h y t e and 
lamprophyre magmatism. I n t h e p r e s e n t c h a p t e r t h e c h e m i s t r y o f 
th e s e m i n o r i t y t y p e s i s d i s c u s s e d . 
Emeleus (1964) d e s c r i b e d a v a r i e t y o f dykes f a l l i n g b r o a d l y 
w i t h i n t h e lamprophyre f i e l d . S e v e r a l o f t h e t y p e s enumerated a r e 
p o o r l y r e p r e s e n t e d , each b e i n g seen i n one or two dykes o n l y . There 
i s one p a r t i c u l a r l y abundant t y p e , however, c o m p r i s i n g k e r s a n t i t e 
and a u g i t e k e r s a n t i t e . The m i n e r a l o g y o f t h i s l a r g e r group has 
s e v e r a l p a r a l l e l s w i t h t h e t r a c h y t e s i n t h e a r e a , and i n d e e d 
s e v e r a l were f i r s t named as b a s i c t r a c h y t e s . The p o s s i b i l i t y 
e x i s t s t h a t t h e k e r s a n t i t e s and t r a c h y t e s may be d i r e c t l y r e l a t e d , 
and t h e two groups t h e r e f o r e m e r i t c h e m i c a l e x a m i n a t i o n t o g e t h e r . 
I n view o f t h e i r s m a l l number and t h e consequent u n c e r t a i n t y i n 
r e l a t i n g them t o o t h e r r o c k s i n t h e p r o v i n c e , t h e minor l a m p r o p h y r i c 
t y p e s d e s c r i b e d by Emeleus (1964) a r e n o t d i s c u s s e d h e r e . 
7.2 P e t r o g r a p h y 
The lamprophyres a r e l a r g e l y a p h y r i c ( v e r y r a r e p h e n o c r y s t s o f 
f e l d s p a r and a p a t i t e a r e seen i n one or two rocks) and o f v a r i a b l e 
g r a i n s i z e , u s u a l l y l e s s t h a n 2 mm. The most abundant m i n e r a l i s 
f e l d s p a r , t h e p l a g i o c l a s e cores o f whi c h a r e i n v a d e d by s e r i c i t e t o 
a v a r i a b l e e x t e n t . B i o t i t e i s t h e c h i e f f e r r o m a g n e s i a n m i n e r a l , 
except i n t h e more m a f i c lamprophyres i n w h i c h t i t a n a u g i t e has e q u a l 
s t a t u s . Pyroxene o c c u r s i n about h a l f o f t h e lamprophyres. Opaque 
o x i d e s a r e seen i n a l l o f them. C h l o r i t e i s f o u n d i n every lamprophyre, 
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b e i n g more abundant i n t h o s e w i t h no pyroxene. I n t h e m a f i c specimens 
two g e n e r a t i o n s o f c h l o r i t e a r e d i s t i n g u i s h a b l e , one o f them o c c u r r i n g 
i n t e r s t i t i a l l y , p o s s i b l y as a p r i m a r y phase. Carbonate i s f o u n d 
t h r o u g h o u t t h e s u i t e . 
U s i n g t h e nomenclature o f Rosenbusch (Hatch e t a l . 1 9 6 1 ) , t h e s e 
lamprophyres f a l l i n t o t h e k e r s a n t i t e sub-group, some o f them b e i n g 
a u g i t e k e r s a n t i t e s . Though n o t a l l o f t h e t e x t u r a l a t t r i b u t e s o f 
lamprophyres a r e seen i n e v e r y r o c k , t h e t e r m lamprophyre seems t o 
be more a p p r o p r i a t e t h a n t r a c h y d o l e r i t e on t h e grounds o f m i n e r a l o g y . 
The t r a c h y t e s f a l l i n t o 1wo d i s t i n c t p e t r o g r a p h i c sub-groups: 
f i r s t l y t h e r e i s a r e l a t i v e l y f i n e - g r a i n e d group i n w h i c h t h e c h a r a c -
t e r i s t i c m a f i c assemblage i s b i o t i t e - c h l o r i t e - o p a q u e w i t h o c c a s i o n a l 
i n s t a n c e s o f a l k a l i pyroxene; i n t h e second s e t t h e m a f i c m i n e r a l s 
a r e b i o t i t e and a l k a l i amphibole, b o t h o f w h i c h occur i n t e r s t i t i a l l y . 
The t y p e s w i l l be r e f e r r e d t o as b i o t i t e t r a c h y t e and b i o t i t e -
r i e b e c k i t e t r a c h y t e r e s p e c t i v e l y . The b i o t i t e , w h i c h i s i n v a r i a b l y 
s t r o n g l y p l e o c h r o i c , d i f f e r s somewhat i n c h a r a c t e r between t h e two 
r o c k t y p e s ; i n t h e b i o t i t e t r a c h y t e s i t i s p l e o c h r o i c f r o m deep green 
t o y e l l o w , b u t i n t h e b i o t i t e r i e b e c k i t e t r a c h y t e s f r o m d a r k brown t o 
y e l l o w . 
The b i o t i t e - r i e b e c k i t e t r a c h y t e s were r e f e r r e d t o as q u a r t z 
t r a c h y t e s by Emeleus ( 1 9 6 4 ) . Quartz i s so r a r e l y seen, however ( n o t 
i n a l l r o c k s f a l l i n g i n t h e g r o u p ) , t h a t t h e p r e s e n t w r i t e r b e l i e v e s 
t h e n o m e n c l a t u r e d e f i n e d above t o be p r e f e r a b l e . 
G e n e r a l l y s p e a k i n g a l k a l i f e l d s p a r i s t h e o n l y f e l s i c phase 
seen i n t h e b i o t i t e t r a c h y t e s . I n one r o c k (39756) o c c a s i o n a l i n t e r -
s t i t i a l a ggregates o f micaceous m a t e r i a l r e m i n i s c e n t o f t h e a l t e r a t i o n 
p r o d u c t " g i e s e c k i t e 1 1 ^ a r e f o u n d r e p l a c i n g n e p h e l i n e i n t h e p h o n o l i t e 
dykes and n e p h e l i n e s y e n i t e s o f t h e G r ^ n n e d a l - I k a complex (Emeleus 
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1964, a l s o Chapters 4 and 6 ) . I t may be c o n c l u d e d t h a t t h e r o c k 
has d eveloped a s i l i c a - u n d e r s a t u r a t e d residuum, a c a p a c i t y n o t 
apparent i n t h e o t h e r t r a c h y t e s . 
7.3 C h e m i s t r y 
The a n a l y t i c a l methods used i n a n a l y s i n g t h e lamprophyres and 
t r a c h y t e s have been d e s c r i b e d elsewhere (see Chapter 4 f o r t h e 
t r a c h y t e s and Chapter 2 f o r t h e l a m p r o p h y r e s ) . 
The c h e m i c a l v a r i a t i o n o b s erved i s d e p i c t e d i n composite 
v a r i a t i o n diagrams i n F i g s . 7.1 and 7.2, i n w h i c h t h e D i f f e r e n t i a t i o n 
I n d e x o f T h o r n t o n and T u t t l e (1960) has been used as a b s c i s s a . The 
most p r o m i n e n t f e a t u r e t o emerge f r o m t h i s f i g u r e i s t h e c o m p o s i t i o n 
gap l y i n g between D i f f e r e n t i a t i o n I n d e x 62 and 75, c o r r e s p o n d i n g t o 
SiC> 2 c o n t e n t s o f 52 and 5698 r e s p e c t i v e l y . The f a i l u r e o f c o m p o s i t i o n s 
w i t h i n t h i s i n t e r v a l t o be r e p r e s e n t e d i n t h e dyke sample makes any 
g e n e t i c l i n k t h a t m i g h t e x i s t between t h e lamprophyres and t r a c h y t e s 
h a r d t o e s t a b l i s h w i t h c o n f i d e n c e . N e v e r t h e l e s s t h e gap c o i n c i d e s 
w i t h t h e r e c o g n i s e d "Daly Gap" (Chayes 1963a, 1963b) seen i n many 
a l k a l i n e s u i t e s , and cannot be r e g a r d e d n e c e s s a r i l y as evidence 
a g a i n s t an a s s o c i a t i o n between t h e two groups. 
The v a r i o u s p e t r o g r a p h i c groups d e f i n e d i n S e c t i o n 7.2 a r e 
r e p r e s e n t e d i n F i g s . 7.1 and 7.2 by d i s t i n c t symbols, as d e s c r i b e d 
i n t h e c a p t i o n . A d i s t i n c t i o n i s a l s o drawn between t h e main body o f 
k e r s a n t i t e s and two r o c k s (27049 and 39717) w h i c h , though c l a s s i f i e d 
as k e r s a n t i t e s and t h e r e f o r e f a l l i n g w i t h i n t h e scope o f t h e p r e s e n t 
work, appear on p e t r o g r a p h i c and c h e m i c a l grounds t o b e l o n g t o d i s t i n c t 
l i n e s o f descent. T h e i r d i f f e r e n t c h a r a c t e r i s c l e a r f r o m F i g s . 7.1 
and 7.2. 
The c h e m i s t r y o f t h e lamprophyres i s n o t a b l e f o r t h e h i g h c o n t e n t s 
o f magnesium, t i t a n i u m and, p a r t i c u l a r l y i n t h e i n t e r m e d i a t e members o f 
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FIGURE 7.1 
V a r i a t i o n o f major and minor elements i n t h e lamprophyres 
and t r a c h y t e s , p l o t t e d a g a i n s t D i f f e r e n t i a t i o n I n d e x 
( T h o r n t o n and T u t t l e 1960). 
Key 
A K e r s a n t i t e s and a u g i t e k e r s a n t i t e s 
V K e r s a n t i t e s w i t h abundant c h l o r i t e 
A Other k e r s a n t i t e t y p e s (see t e x t ) 
# B i o t i t e t r a c h y t e s 
O B i o t i t e - r i e b e c k i t e t r a c h y t e s 
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a. V a r i a t i o n of r e l e v a n t t r a c e elements i n the lamprophyres 
and t r a c h y t e s , p l o t t e d a g a i n s t D i f f e r e n t i a t i o n Index. 
The symbols are as in Fig.7.1. 
b. K metal % versus Rb metal p.p.m. f o r the Grjzfnnedal-fka 
lamprophyres and t r a c h y t e s . The symbols a r e as shown i n 
Fig.7.1. The f o l l o w i n g r e f e r e n c e l i n e s a r e shown: 
( i ) K:Rb = 230, the "normal" r a t i o f o r igneous rocks 
( T a y l o r 1965). 
( i i ) The "main t r e n d " of Shaw (1968), i d e n t i f i e d as "MT". 
( i i i ) K:Rb = 416, the median K:Rb r a t i o of b a s i c a l k a l i n e 
rocks from the Nandewar Mountains (Abbott 1967). 
°8> 4 \ 




CD N 10 CO (u 
131 
the s e r i e s , phosphorus. Magnesium shows a p a r t i c u l a r l y r a p i d 
d e c l i n e i n passing t o more advanced lamprophyres. The K:Na r a t i o 
i s high i n the mafic rocks but achieves more normal v a l u e s i n 
progression along the s e r i e s ( F i g . 7.1). O l i v i n e i s present i n 
the norm a t about the 10% l e v e l , but only t r i v i a l amounts of 
normative nepheline occur. Nepheline assumes s i g n i f i c a n c e i n the 
norms of the d i s t i n c t i v e lamprophyres 27149 and 39717. 
One may d i v i d e the lamprophyres i n t o f r e s h and a l t e r e d 
c l a s s e s based on the abundance of c h l o r i t e i n each rock. T h i s 
d i v i s i o n i s represented i n F i g s . 7.1 and 7.2 by i n v e r s i o n of the 
t r i a n g u l a r symbol for the more a l t e r e d r o c k s , i n which c h l o r i t e 
appears i n an a p p r e c i a b l e q u a n t i t y . The value of doing t h i s l i e s 
i n demonstrating that bulk chemical changes accompanying c h l o r i t -
i s a t i o n a r e i n s i g n i f i c a n t . T h i s c o n c l u s i o n may u s e f u l l y be 
a p p l i e d to the b i o t i t e t r a c h y t e s , i n which c h l o r i t e i s uniquitous. 
On the assumption th a t the chemistry of c h l o r i t e - f o r m a t i o n i s 
q u a l i t a t i v e l y the same i n t r a c h y t e and lamprophyre, one may be 
reasonably confident t h a t the chemical d i f f e r e n c e s between the 
b i o t i t e t r a c h y t e s and b i o t i t e - r i e b e c k i t e s t r a c h y t e s , i n p a r t i c u l a r 
that i n A 1 2 ° 3 » h a v G n o t a r i s e n to any s i g n i f i c a n t e xtent from the 
formation of c h l o r i t e i n the former group. 
whereas the lamprophyres a r e d i s p e r s e d evenly between D i f f e r e n t -
i a t i o n Index values of 36 and 62%, the two groups of t r a c h y t e s 
d i s p l a y l i t t l e evidence of f r a c t i o n a t i o n i n t e r n a l l y , most of the 
v a r i a n c e of the b i o t i t e - r i e b e c k i t e being accounted f o r by two 
specimens, 39733 and the more mafic 39790. Except f o r the l a t t e r 
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r o c k s , there i s no ^ v e r l a p between the two s e t s of t r a c h y t e s with / 0 
re s p e c t to D i f f e r e n t i a t i o n Index and many other v a r i a b l e s . 
I n s e v e r a l r e s p e c t s , most notably w i t h regard t o Al^O.^* the 
two t r a c h y t e groups appear t o l i e on d i s t i n c t trends, but t h i s 
i n t e r p r e t a t i o n should be viewed with caution s i n c e i t r e s t s l a r g e l y 
on the compositions of the i s o l a t e d b i o t i t e - r i e b e c k i t e t r a c h y t e s 
39733 and 39790, e i t h e r or both of which may be u n r e p r e s e n t a t i v e . 
Only t r i v i a l amounts of quartz appear i n the norms of the 
b i o t i t e t r a c h y t e s ; t h a t i s , the group i s normatively s i l i c a -
s a t u r a t e d . The exceptions a r e 39756, i n which the r e i s 6% normative 
nepheline, i n agreement with the nepheline a l t e r a t i o n products seen 
i n t h i n s e c t i o n , and 27081, i n which no modal nepheline d e r i v a t i v e 
has been observed. 
I n c o n t r a s t the b i o t i t e - r i e b e c k i t e t r a c h y t e s r e v e a l s i g n i f i c a n t 
amounts of quartz i n the norm, together with small amounts of acmite 
i n a few c a s e s . 
The r e l a t i v e v a r i a t i o n i n K and Rb i n the lamprophyres and 
t r a c h y t e s i s i l l u s t r a t e d i n Fig.7.2b. The most notable f e a t u r e i s " 
t h a t the b i o t i t e t r a c h y t e s possess a d i s t i n c t l y higher K:Rb r a t i o 
than the other rocks. One o f the b i o t i t e - r i e b e c k i t e t r a c h y t e s 
(31848) has a s i m i l a r r a t i o , but t h i s probably r e s u l t s from the a l t e r -
a t i o n of b i o t i t e apparent i n t h i s s e c t i o n . The nepheline-normative 
t r a c h y t e s 27081 and 39756, l i k e the b i o t i t e - r i e b e c k i t e t r a c h y t e s , 
possess more normal r e l a t i v e proportions of K and Rb. There i s a 
suggestion of r i s i n g K:Rb among the lamprophyres, p a r t i c u l a r l y i n 
those w i t h higher v a l u e s of the D i f f e r e n t i a t i o n Index, but the f e l s i c 
lamprophyric dyke 27172 does not conform to t h i s p a t t e r n . 
The cause of the high K:Rb r a t i o s often observed i n intermediate 
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FIGURE 7.3 
a. FMA diagram (wt. p e r c e n t ) showing the compositions of 
the k e r s a n t i t e s and t r a c h y t e s i n r e l a t i o n to a l k a l i 
b a s a l t trends from other p r o v i n c e s . 
A = Gardar o l i v i n e b a s a l t •• t r a c h y d o l e r i t e t r e n d (Upton 1965). 
B = Hebridean trend ( T i l l e y and Muir 1964). 
C = Hawaiian trend ( T i l l e y and Muir 1964). 
D = Gough I s l a n d ( T i l l e y and Muir 1964). 
The trend p a s s i n g through the m a j o r i t y of the k e r s a n t i t e s 
and t r a c h y t e s of the Gr^nnedal-Ika complex i s shown as a 
broken l i n e . 
b. Compositions of the k e r s a n t i t e s and t r a c h y t e s p l o t t e d i n 
the plane K O-Na 0-CaO. 
The specimen symbols used a r e the same as i n Fig.7.1. 
F e O F e . O 
B 
2 7 1 0 9 
V 
2 7 1 3 9 
N a 2 0 + K 2 0 MgO 
/ 2 7 1 3 9 \ 2 7 1 0 9 / K 2 0 K zO 
N a 2 0 CaO 
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a l k a l i n e rocks (Abbott 1967) i s not r e a d i l y understood. One f a c t o r 
which may have c o n t r i b u t e d to the p a t t e r n seen i n Fig.7.2b i s the 
f r a c t i o n a t i o n of b i o t i t e (Shaw 1968) but t h i s hypothesis i s r e f u t e d 
by Noble and Hedge (1970). 
The d i s t r i b u t i o n of the lamprophyres and t r a c h y t e s i n FMA and 
K O-Na 0-CaO diagrams i s shown i n F i g s . 7.3a and 7.3b. The diagrams 
se r v e to demonstrate the somewhat d i f f e r e n t c h a r a c t e r of 27109 and 
27139 w i t h r e s p e c t to the other lamprophyres; they are more p o t a s s i c 
and show a lower degree of i r o n enrichment than the other k e r s a n t i t e s , 
but the d i f f e r e n c e s a r e s l i g h t i n comparison t o the departure shown 
by the anomalous lamprophyres 27049 and 39717. I n many r e s p e c t s , 
there appears to be co n s i d e r a b l e f l e x i b i l i t y i n the evol u t i o n a r y 
paths a v a i l a b l e , even among the rocks d e s c r i b e d as k e r s a n t i t e . 
7.4 Compositional A f f i n i t i e s and O r i g i n of the Lamprophyre S u i t e 
A number of authors, most r e c e n t l y Upton (1965), have proposed 
t h a t lamprophyre magmas of camptonite composition may have been 
d e r i v e d from o l i v i n e b a s a l t magma, by c r y s t a l f r a c t i o n a t i o n processes 
which are l a r g e l y determined by the development of an unusually high 
v o l a t i l e content. Such an o r i g i n i s c o n s i s t e n t w ith and l a r g e l y 
based upon the q u i t e widespread a s s o c i a t i o n between the two types of 
magma. One might suppose th a t the k e r s a n t i t e s of the Gr^nnedal-Ika 
a r e a could be r e l a t e d i n a s i m i l a r manner t o the a l k a l i b a s a l t magma 
represented by the abundant o l i v i n e d o l e r i t e dykes seen i n the same 
are a ( d e s c r i b e d by Bneleus 1964). For comparison of the two types, 
v a r i o u s r e l e v a n t compositions are presented i n Table 7.1. Because 
d i f f e r e n c e s i n water and carbon dioxide contents i n these rocks a r e 
not n e c e s s a r i l y r e p r e s e n t a t i v e of d i f f e r e n c e s between the l i q u i d s 
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from which the rocks i n question were formed, the a n a l y s e s quoted 
i n Table 7.1 have been r e c a l c u l a t e d f r e e of water and carbon d i o x i d e . 
The range of the Gr^nnedal-Ika k e r s a n t i t e s i s represented by t h r e e 
a n a l y s e s : a n a l y s i s A i s the average of the two most mafic rocks i n 
the s u i t e , 27030 and 31878, a n a l y s i s C i s t h a t of 27172, the most 
s a l i c member, whereas a n a l y s i s B i s the average of the remaining rocks 
omitting the anomalous k e r s a n t i t e s 27049 and 39717. 
R e l a t i v e l y l i t t l e i s known at present of the e v o l u t i o n of the 
b a s a l t i c l i q u i d s i n the Gardar province, and a r e g i o n a l study of 
t h i s t o p i c i s under way (Upton 1970). Consequently l i t t l e comment 
w i l l be made on the s m a l l but obvious d i f f e r e n c e s between the 
o l i v i n e d o l e r i t e from the Grizfnnedal-fka complex (GIOD) and the 
" p r i m i t i v e Gardar b a s a l t " c a l c u l a t e d by Upton (PGB). The discrepancy 
i s not l a r g e enough t o d i s g u i s e the q u i t e d i f f e r e n t c h a r a c t e r of the 
mean m a f i c - k e r s a n t i t e a n a l y s i s , i n which AlgO^ i s s t r o n g l y depleted 
r e l a t i v e t o the b a s a l t s w h i l e MgO, (MgO+FeO), K 0 and (Na 0+K 0) a r e 
s i g n i f i c a n t l y higher than i n the b a s a l t i c r o c k s . I t i s hard t o 
envisage a simple process of c r y s t a l f r a c t i o n a t i o n which could give 
r i s e to t h i s r e l a t i o n s h i p , and one may reasonably conclude t h a t the 
lamprophyres under d i s c u s s i o n , of which the mafic rocks 27030 and 
31878 a r e presumed to r e p r e s e n t the parent l i q u i d , a r e not r e l a t e d 
i n a s t r a i g h t f o r w a r d manner t o e i t h e r b a s a l t i c type represented i n 
Table 7.1. I t i s worthwhile to note i n passing t h a t the composition 
of the Jernhat o l i v i n e d o l e r i t e (GIOD) appears to be t r a n s i t i o n a l 
between the u n d i f f e r e n t i a t e d Gardar b a s a l t (PGB) and the lamprophyre 
s u i t e w i t h r e s p e c t to the v a r i a b l e s i d e n t i f i e d above, and t h i s con-
c l u s i o n i s r e i n f o r c e d by i t s high contents of H O and CO , c o n s t i t -
uents which achieve c h a r a c t e r i s t i c a l l y high l e v e l s i n the lamprophyres. 
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The k e r s a n t i t e s of intermediate composition have much i n common 
wi t h the average lamprophyre a n a l y s e s given by Metais and Chayes (1963), 
i n which the p o i n t s of departure from the b a s a l t a n a l y s e s a r e yet more 
pronounced. More d e t a i l e d comparison i s i n a p p r o p r i a t e , however, i n 
view of the wide spread i n the a n a l y s e s compiled by Metais and Chayes. 
The average a n a l y s i s of 95 k e r s a n t i t e s given by these authors i s 
shown i n Table 7.1 ( K ) . 
Turner and Verhoogen (1960) make much of the s i m i l a r i t y between 
the lamprophyres i n general and the c o n t i n e n t a l l e u c i t e - b a s a l t 
a s s o c i a t i o n , which i n c l u d e s such r o c k s as the s t r o n g l y p o t a s s i c l a v a s 
of the Western R i f t V a l l e y of E a s t A f r i c a . R e l a t i v e t o the t y p i c a l 
Gardar b a s a l t s , the compositions of the Gr^hnedal-Ika lamprophyres 
e r r i n the d i r e c t i o n of the p o t a s s i c r o c k s , notably i n t h e i r high 
K 0, MgO, TiO , P 0 , Ba and Sr contents, but to a l e s s e r extent such 
t h a t s e v e r a l a t t r i b u t e s of the l a t t e r group a r e l a c k i n g . I n p a r t i c -
u l a r the s t r o n g l y undersaturated c h a r a c t e r , represented u s u a l l y by 
modal l e u c i t e and normative nepheline, i s only s l i g h t i n the lampro-
phyres under d i s c u s s i o n ; potassium i s i n a l l cases subordinate t o 
sodium i n the r o c k s d e s c r i b e d i n t h i s Chapter and the magnesium 
content, though high, does not equal that of many l e u c i t e b a s a l t s 
(Holmes and Harwood 1937). 
I t i s an open question whether the lamprophyre dykes from the 
Grirfnnedal-Ika a r e a acted as feeders to s u r f a c e volcanism r e l a t e d 
i n c h a r a c t e r to the p o t a s s i c l a v a s of E a s t A f r i c a or whether, as 
may be t r u e of many lamprophyres, they are only minor a s s o c i a t e s of 
the p l u t o n i c a c t i v i t y i n the a r e a . The apparent petrographic and 
chemical connection with the b i o t i t e t r a c h y t e s suggests perhaps t h a t 
the former view i s more a c c u r a t e . Turner and Verhoogen (1960) draw 
138 
l i t t l e d i s t i n c t i o n between the two modes of occurrence and propose 
t h a t the p o t a s s i c rocks i n ge n e r a l may be formed by the "sweating 
out" of the lowest temperature phases of micaceous g r a n i t e by the 
passage of common a l k a l i b a s a l t magma, i n t o which they are i n c o r p -
orated forming a h i g h l y p o t a s s i c l i q u i d . Such a model does not 
account f o r the c h a r a c t e r i s t i c a l l y low SiO and high MgO contents 
(together with N i, Cr, Co and V) shared by the p o t a s s i c l a v a s and 
many lamprophyres, nor i s i t g e n e r a l l y a p p l i c a b l e . Other models 
have t o be considered f o r the r e l a t i v e l y p o t a s s i c l a v a s of some 
oceanic provinces ( L e Maitre 1962, Baker e t a l . 196 4) and may 
equ a l l y apply t o t h e i r c o n t i n e n t a l analogues. 
There a r e i n d i c a t i o n s from the present work that magmas of 
d i f f e r i n g degrees of K-Mg enrichment c o e x i s t e d i n the Gardar province, 
as they a r e seen t o do w i t h i n q u i t e l o c a l i s e d areas i n E a s t A f r i c a 
and elsewhere. The present s t a t e of knowledge suggests t h a t the 
" u n d i f f e r e n t i a t e d Gardar b a s a l t " c a l c u l a t e d by Upton (1965) accounts 
for the major part of b a s a l t a c t i v i t y i n the Gardar, but t h i s view 
may be modified as a r e s u l t of work i n progress. S t u d i e s i n other 
a l k a l i n e provinces (Baker e t a l . 1964, Cundari and Le Maitre 1970) 
have pointed to the i n f l u e n c e of processes other than high l e v e l 
c r y s t a l f r a c t i o n a t i o n i n determining i n i t i a l magma composition ( s e e 
O'Hara and Yoder 1967) and s i m i l a r c o n c l u s i o n s may perhaps apply to 
the Gardar, although t h e r e i s no d i r e c t evidence from the present 
work as t o the nature of these p r o c e s s e s . 
Petroqenesis of the Trachytes 
I n many petrographic and chemical r e s p e c t s , t h e r e a r e grounds 
fo r supposing t h a t the k e r s a n t i t e s and t r a c h y t e s may belong to a 
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common f r a c t i o n a t i o n trend. The lamprophyres and b i o t i t e t r a c h y t e s 
have q u a l i t a t i v e m i n e r a l o g i c a l c h a r a c t e r i s t i c s i n common, and i n 
s p i t e of the compositional gap mentioned i n e a r l i e r paragraphs t h e r e 
i s a pronounced consanguinity of chemical trends between the groups. 
K-Rb r e l a t i o n s h i p s provide a more s p e c i f i c i n d i c a t i o n of comagmatism, 
s i n c e the k e r s a n t i t e s appear to show a p r o g r e s s i v e r i s e i n the K:Rb 
r a t i o from normal values t o the unusually high values c h a r a c t e r i s t i c 
of the b i o t i t e t r a c h y t e s . 
An attempt has been made to e s t a b l i s h a m i n e r a l o g i c a l l i n k 
between the k e r s a n t i t e s and the b i o t i t e t r a c h y t e s by an e l e c t r o n 
microprobe study of the zoning found i n the mi n e r a l s p e c i e s common 
to both types of rock. I t was hoped thus t o bridge the gap and t o 
e s t a b l i s h a c o n t i n u i t y of mineral composition trends from lamprophyre 
to t r a c h y t e . The attempt has proved f r u i t l e s s because, although the 
zoning of b i o t i t e and f e l d s p a r i n the k e r s a n t i t e s was found to span 
a s i g n i f i c a n t range, a m i n e r a l o g i c a l composition gap was s t i l l found 
to e x i s t . I n view of the p o s s i b l e d i f f e r e n c e s between the order of 
c r y s t a l l i s a t i o n i n the two dyke types, such a t e s t should s t r i c t l y 
be based on phenocryst zoning alone, and the ap h y r i c nature of the 
rocks may l i e behind the i n c o n c l u s i v e r e s u l t s obtained from t h i s work. 
I n a l l the v a r i a t i o n diagrams which have been considered, the 
d i s p o s i t i o n of an a l y s e s i s broadly c o n s i s t e n t with the su p p o s i t i o n 
t h a t the two t r a c h y t e groups a r e comagmatic. Those d i s c o n t i n u i t i e s 
which do e x i s t , i n A l 0 and K O-Na 0-CaO, may be explained i n terms 
of changes i n the f r a c t i o n a t i n g phase assemblage, p a r t i c u l a r l y the 
probable appearance of potash f e l d s p a r on the l i q u i d u s when the l i q u i d 
composition a t t a i n s the two-feldspar boundary i n the t e r n a r y f e l d s p a r 
system (see Carmichael 1963). 
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FIGURE 7.4 
a. Compositions of the Grj&inedal-Ika t r a c h y t e s represented 
i n p a r t of the plane SiO -Al 0 -(Na 0+K 0 ) . The symbols 
used are the same as i n Fig.7.1 
b. Compositions of the Tugtutoq m i c r o s y e n i t e s p l o t t e d i n the 
same system. The f o l l o w i n g symbols a r e employed: 
H a s t i n g s i t e m i c r o s y e n i t e s 
O B i o t i t e - r i c h m i c r o s y e n i t e s 
P R i e b e c k i t e m i c r o s y e n i t e s 
The point F r e p r e s e n t s the composition of b i n a r y a l k a l i 










c i o CN 
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I f t h i s view i s c o r r e c t , the t r a c h y t e s may be considered to 
represent a magma s e r i e s s i m i l a r to t h a t forming the m i c r o s y e n i t e 
and m i c r o g r a n i t e dykes of the Tugtutoq P e n i n s u l a . These dykes are 
a s s o c i a t e d i n the f i e l d with " t r a c h y d o l e r i t e " dykes whose petrography 
i s reminiscent of the lamprophyre dykes d e s c r i b e d i n the present 
study, and the m i c r o s y e n i t e s are assumed to be d e r i v e d from these 
l i q u i d s (Macdonald 1969). The comparison with the Grffcinedal-Ika 
dykes i s summarised i n Fig.7.4, which shows the compositions of 
both dyke groups p l o t t e d i n p a r t of the system SiO - A l 0 -(Na 0+K 0 ) . 
From t h i s diagram and the general chemical c o m p a t i b i l i t y apparent 
from a n a l y t i c a l t a b l e s , one may conclude that magmas capable of 
producing s t r o n g l y s i l i c a - o v e r s a t u r a t e d r e s i d u a were present i n the 
Grizfonedal-Ika a r e a during Gardar times, although as pa r t of a much 
l a t e r episode than the main s y e n i t e / c a r b o n a t i t e emplacement. 
The s i l i c a - u n d e r s a t u r a t e d b i o t i t e t r a c h y t e s and t he mafic 
b i o t i t e - r i e b e c k i t e t r a c h y t e i n d i c a t e t h a t the s i t u a t i o n was i n f a c t 
of greater complexity than t h i s p i c t u r e suggests. With so l i t t l e 
i nformation, i t i s impossible t o r e s o l v e the i n t e r - r e l a t i o n s h i p s of 
these rocks i n any gre a t e r d e t a i l . I f i n f a c t the t r a c h y t e s a r e 
r e s i d u a of lamprophyre f r a c t i o n a t i o n , i t i s q u i t e p o s s i b l e t h a t the 
v a r i e t y of parent ( k e r s a n t i t e ) l i q u i d s suggested by the l i m i t e d work 
de s c r i b e d here accounts i n some degree f o r the range of t r a c h y t i c 





GENESIS OF THE GR0NNEDAL-IKA MAGMAS IN THE BROADER CONTEXT OF 
THE GARDAR PROVINCE 
8.1 I n t r o d u c t i o n 
The i n t r u s i o n s d e s c r i b e d i n the foregoing chapters may be 
d i v i d e d i n t o two broad episodes: 
( i ) An older episode of major s y e n i t e emplacement 
(Chapters 1,2,3); 
( i i ) A younger episode of s a l i c dyke i n t r u s i o n 
(Chapters 4,5,6,7). 
L i t t l e or no evidence i s found i n the f i e l d b e a r i n g on the 
r e l a t i v e duration of each episode, but the two are separated i n 
time by the i n t r u s i o n of the c a r b o n a t i t e and the major mafic dykes, 
and by the f i r s t group of f a u l t s (Emeleus 1964, p.70). The 
a l k a l i n e dykes must t h e r e f o r e be regarded as being a s i g n i f i c a n t l y 
l a t e r episode of a l k a l i n e magmatism (although they do appear to be 
found i n g r e a t e s t c o n centration near the s y e n i t e complex ) . 
I t can be seen t h a t the o v e r a l l composition o f the a l k a l i n e 
a c t i v i t y changed s i g n i f i c a n t l y over t h i s period of time. I n 
Chapters 2 and 3 i t has been argued t h a t the Lower and Upper S e r i e s 
and a l l i e d bodies were d e r i v e d from magmas whose compositions 
corresponded roughly to the neph e l i n e - f e l d s p a r phase boundary i n 
the system SiO -NaAlSiO -KAlSiO„. I n other words, they were near ' 2 4 4 * 
to minimum-melting compositions i n the undersaturated p a r t of the 
n a t u r a l residuum system. The X e n o l i t h i c P o r p h y r i t i c S y e n i t e magma 
a s s o c i a t i o n may r e p r e s e n t a s l i g h t departure from t h i s s t a t e of 
a f f a i r s . I n c o n t r a s t , the magmas from which the l a t e r a l k a l i n e 
143 
dykes were formed were p h o n o l i t i c t r a c h y t e s and o r t h o t r a c h y t e s , 
and appear to r e p r e s e n t magmatism s i g n i f i c a n t l y c l o s e r i n com-
p o s i t i o n to s i l i c a - s a t u r a t i o n . 
I n the present chapter the p o s s i b l e o r i g i n s of such magmas 
are d i s c u s s e d , and the s i g n i f i c a n c e of these changes w i t h time 
i s considered i n the broader context of the development of the 
Gardar province. 
8.2 V a r i a t i o n i n Magma Type i n C o n t i n e n t a l A l k a l i n e Provinces 
The e x c e p t i o n a l f l e x i b i l i t y i n the types of magma i n v o l v e d 
i n volcanism and plutonism i n c o n t i n e n t a l a l k a l i n e p r o v i n c e s , 
p a r t i c u l a r l y the E a s t A f r i c a n r i f t system, has engaged the a t t e n t i o n 
of p e t r o l o g i s t s f or a conside r a b l e time. For many y e a r s i t was 
f e l t to be d e s i r a b l e to e s t a b l i s h a c a u s a l r e l a t i o n s h i p between the 
s t r u c t u r a l phenomena of r i f t i n g and the c h a r a c t e r i s t i c spectrum of 
magmatism with which, broadly, i t i s a s s o c i a t e d . More r e c e n t l y , 
many workers have come to accept t h a t r i f t t e c t o n i c s and volcanism 
a r e together the s u p e r f i c i a l m a n i f e s t a t i o n of more deep-seated 
phenomena (King and Sutherland 1960, King 1970, H a r r i s 1969, 1970, 
Baker e t a l . 1 9 7 0 ) . S e v e r a l authors have proposed t h a t c o n t i n e n t a l 
r i f t v a l l e y phenomena are the consequence of a r e l a t i v e l y l o c a l i s e d 
thermal disturbance i n the Upper Mantle ( E l d e r 1965, 1966, H a r r i s 
1969, Gass 1970). T h i s disturbance i s regarded as a hot regio n of 
mantle which causes the isotherms t o r i s e r e l a t i v e to the surrounding 
s h i e l d areas and thereby depresses the high p r e s s u r e phase-
transformation boundaries. 
I n t h i s context, H a r r i s (1969) has made a s i g n i f i c a n t c o n t r i b u t i o n 
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to the xanderstanding of the d i s t r i b u t i o n of mafic magma types i n 
E a s t A f r i c a and the neighbouring a r e a s . His arguments r e s t on 
two g e n e r a l i s a t i o n s : 
1. I n areas i n which magmatism i s most i n t e n s e , the b a s a l t 
composition tends to become l e s s a l k a l i n e , i n some cases 
becoming s i l i c a - s a t u r a t e d . At p r o g r e s s i v e l y greater d i s t a n c e s 
from such c e n t r e s , b a s a l t s change t o undersaturated and st r o n g l y 
undersaturated types. 
2. The concentrations of the r e s i d u a l ("incompatible") t r a c e 
elements tend to be highest i n the s t r o n g l y undersaturated 
b a s a l t s , becoming p r o g r e s s i v e l y l e s s abundant on moving 
towards t h o l e i i t i c types. Such concentrations a r e highest 
however i n c a r b o n a t i t e s and i n k i m b e r l i t e s and the a s s o c i a t e d 
p o t a s s i c u l t r a m a f i c l a v a s . 
The c o n c e n t r a t i o n of the r e s i d u a l t r a c e elements i s taken to 
i n d i c a t e the depth i n the mantle a t which the magma was generated. 
I n p a s s i n g to the s u r f a c e the l i q u i d w i l l a c q u i r e , by a v a r i e t y 
of segregation processes ( H a r r i s 1967), a co n c e n t r a t i o n of the 
r e s i d u a l elements which i s p r o p o r t i o n a l t o the depth of mantle 
through which i t has passed. 
H a r r i s (1969) argues th a t the depth of d e r i v a t i o n , and t h e r e f o r e 
the type of b a s a l t l i q u i d , i s dependent on the geothermal gradient 
obtaining i n the ar e a i n question . I n an ar e a o f high g r a d i e n t , 
p a r t i a l melting temperatures a r e met a t shallow depths i n the 
mantle, so that the dominant magma type i s t h o l e i i t i c b a s a l t w i t h 
low t r a c e element concentrations. Where the geothermal gradient 
i s lower, the point a t which the geotherm and the f i r s t - m e l t i n g 
curve i n t e r s e c t r e t r e a t s to s u c c e s s i v e l y greater depths, producingj 
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i n accordance w i t h high-pressure phase s t u d i e s , magmas which a r e 
more a l k a l i n e i n composition and which have enhanced contents of 
the r e s i d u a l elements. C a r b o n a t i t e s and kimberliies are regarded 
as the c h a r a c t e r i s t i c form of magmatism i n regions w i t h the lowest 
heat flow of a l l . 
Some i n t e r e s t has been expressed i n re c e n t y e a r s i n the f a c t o r s 
which determine whether a given a l k a l i b a s a l t evolves to produce 
ove r s a t u r a t e d or undersaturated r e s i d u a ( B a i l e y and S c h a i r e r 1966, 
Morse 1969). Recent work suggests however t h a t much o f the apparent 
f l e x i b i l i t y i n the composition of the s a l i c d e r i v a t i v e magmas i n 
a l k a l i n e provinces may be d i r e c t l y r e l a t e d t o v a r i a t i o n i n the 
composition of the mafic r o c k s with which they a r e a s s o c i a t e d 
(Coombs and Wilkinson 1969, Wright 1971). Thus i t i s p o s s i b l e t h a t 
the c h a r a c t e r of the s a l i c products i n an a l k a l i n e province and 
t h e i r v a r i a t i o n with time and l o c a t i o n may a l s o be t r a c e d t o t he 
depth i n the mantle a t which the parent ( b a s a l t i c ) l i q u i d was 
derived. High l e v e l c r y s t a l f r a c t i o n a t i o n processes may t h e r e f o r e 
exert l i t t l e c o n t r o l over the v a r i a t i o n between phonolite and 
r h y o l i t e seen among the s a l i c r e s i d u a of a l k a l i n e provinces. 
I n the E a s t A f r i c a n context these i d e a s a r e represented, f o r 
example, by the d i s t i n c t i o n i n the E a s t e r n R i f t of two g e n e t i c 
s e r i e s of v o l c a n i c products; they a r e a s t r o n g l y undersaturated 
s e r i e s comprising a n k a r a t r i t e - n e p h e l i n i t e - p h o n o l i t e , and a m i l d l y 
a l k a l i n e s e r i e s c o n s i s t i n g of a l k a l i b a s a l t - t r a c h y b a s a l t - a l k a l i 
trachyte-soda r h y o l i t e (Saggerson and Williams 1964, Saggerson 1970, 
King 1970). The d i s t r i b u t i o n of the va r i o u s s a l i c types t h e r e f o r e 
i m i t a t e s q u i t e c l o s e l y t h a t of the "corresponding" mafic magmas, 
and i t p o s s i b l e to d i s t i n g u i s h the tendency f o r t r a c h y t e and 
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t r a c h y t i c phonolite l a v a s to be found i n and around the r i f t 
graben and near t o the thermal and topographic culminations along 
the r i f t , whereas the bul k of the phonolite l a v a s tends t o be found 
marginal t o these areas ( s e e , f o r example, Williams 1969). S i m i l a r l y 
i n E t h i o p i a one may d i s t i n g u i s h between the nepheline-bearing 
t r a c h y t e s of the plat e a u s on e i t h e r s i d e of the r i f t and the p e r a l -
k a l i n e t r a c h y t e s and t h e i r s i l i c i c d e r i v a t i v e s found i n the r i f t 
zone i t s e l f ( L e Bas and Mohr 1968, Mohr 1971). P e r a l k a l i n e 
r h y o l i t e s a r e c h a r a c t e r i s t i c of the G u l f of Aden, where b a s a l t s 
are t r a n s i t i o n a l between a l k a l i n e and t h o l e i i t i c (Red Sea) types 
(Cox e t a l . 1970). 
I n t h i s scheme however "phonolite" must be regarded as the 
product of a wide range of thermal regimes. T h i s i s because i t i s 
the minimum-melting d e r i v a t i v e of a spectrum of undersaturated mafic 
magmas from melanephelinite t o nepheline-poor b a s a n i t e ( s e e Chapter 
4 ) . P h o n o l i t i c t r a c h y t e s , the residuum of the l a t t e r end-member, perhaps 
may be d i s t i n g u i s h e d as the product of a comparatively high thermal 
gradient. 
8.3 Mechanisms of S a l i c Magma Production i n the Gardar Province 
C o n t i n e n t a l and oceanic a l k a l i n e p rovinces are known to share 
much the same range of a l k a l i n e rock types ( H a r r i s 1969), but the 
d i s t r i b u t i o n and r e l a t i v e abundance of these types i s q u i t e 
d i f f e r e n t . Of s p e c i a l r e l e v a n c e i s the prominence of s a l i c magmas 
such as t r a c h y t e , phonolite and r h y o l i t e i n the c o n t i n e n t a l 
provinces. For example, i n the Kenya province such magmas account 
for h a l f the t o t a l volume of l a v a s represented (Baker e t a l . 1971), 
a proportion which i s q u i t e unknown i n oceanic volcanism. C l e a r l y , 
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there a r e processes operating i n the c o n t i n e n t a l province which 
e i t h e r modify or s u b s t i t u t e for the s t r a i g h t f o r w a r d f r a c t i o n a l 
c r y s t a l l i s a t i o n of mafic l i q u i d s , which i s thought to be dominant 
i n oceanic i s l a n d s . 
Many b a s i c and intermediate dykes i n the Gardar province 
c a r r y abundant a n o r t h o s i t e x e n o l i t h s and p l a g i o c l a s e megacrysts. 
The c o n s i s t e n t r e l a t i o n s h i p between the composition, type and 
abundance of these i n c l u s i o n s and the composition of the host rock 
has l e d t o the suggestion by Bridgwater (Bridgwater and Harry 1968) 
that much of the Gardar a r e a i s u n d e r l a i n by a n o r t h o s i t e . The 
d i s t r i b u t i o n of the i n c l u s i o n s i n the Gardar dykes has been 
explained by Bridgwater i n terms of an e x t e n s i v e magma chamber i n 
which a l k a l i b a s a l t magma became co m p o s i t i o n a l l y s t r a t i f i e d i n 
response to the pr e s s u r e gradient e x i s t i n g between the bottom and 
the top of the chamber. Thus p l a g i o c l a s e c r y s t a l s f l o a t e d upwards 
u n t i l , r e a c h i n g a l a y e r of l i q u i d of the same d e n s i t y , they became 
suspended i n i t . T h i s hypothesis accounts b e t t e r than any other 
f o r the d i s t r i b u t i o n of the v a r i o u s types of i n c l u s i o n i n the host 
dykes. I t i s regarded by some as evidence of the operation of 
l i q u i d - s t a t e f r a c t i o n a t i o n as a f a c t o r i n the e v o l u t i o n of mafic 
l i q u i d s (Upton e t a l . 1971). 
I f t h i s l i q u i d - s t r a t i f i c a t i o n mechanism does operate, i t i s 
not hard to understand the prominence of the s a l i c d e r i v a t i v e s 
among the v o l c a n i c products seen nearer the s u r f a c e . The concen-
t r a t i o n of the r e f r a c t o r y m a f i c components towards the base of the 
magma column w i l l i n e v i t a b l y cause a r i s e i n the l i q u i d u s and 
s o l i d u s temperatures a t such l e v e l s . I f the o r i g i n a l a l k a l i b a s a l t 
was c l o s e to i t s l i q u i d u s , as seems l i k e l y ( H a r r i s e t a l . 1970), 
148 
a point i s reached where the deepest p a r t s of the magma column 
s o l i d i f y because the s o l i d u s temperature has r i s e n above the 
a c t u a l temperature. I f the upward migration of the e n t i r e column 
i s envisaged (Upton e t a l . 1971), a p r o g r e s s i v e l y l a r g e r amount 
of the mafic component of the l i q u i d i s l e f t behind i n s o l i d form 
as migration proceeds, and the magma reaching the shallower p a r t s 
of the c r u s t i s s i g n i f i c a n t l y weighted i n favour of the s a l i c 
r e s i d u a l components. 
The e x i s t e n c e , during the development of the Gardar province, 
of l a r g e columes of d i f f e r e n t i a t e d b a s i c magma at depth, as 
suggested by the f e l d s p a t h i c i n c l u s i o n s , has l e d to the s u p p o s i t i o n 
t h a t l i q u i d and c r y s t a l - l i q u i d f r a c t i o n a t i o n a r e the c h i e f processes 
r e s p o n s i b l e f o r the l a r g e volumes of s a l i c magma represented i n the 
Gardar (Bridgwater and Harry 1968). Other processes such as p a r t i a l 
melting ( B a i l e y 1964) do not t h e r e f o r e appear to be necessary t o 
e x p l a i n the r e l a t i v e abundance of s y e n i t e and b a s a l t . F u r t h e r 
support f o r t h i s view i s given by the widespread occurrence, among 
the f e l d s p a t h i c dykes, of composite dykes i n which m i c r o s y e n i t e 
xenolith-poor margins give way to a l a t e r core of o l i v i n e b a s a l t or 
d o l e r i t e . The t r a n s i t i o n may be e i t h e r continuous or w i t h an abrupt 
c h i l l e d margin. These dykes are thought to represent e a r l y i n t r u s i o n 
of s a l i c magma from the top of the d i f f e r e n t i a t e d magma body, 
followed by the l a t e r i n t r u s i o n of a b a s i c l i q u i d f r a c t i o n a t i o n from 
lower i n the magma column. The composite f e l d s p a t h i c dykes provide 
evidence supporting the view t h a t such processes as have been 
de s c r i b e d can produce a s y e n i t i c l i q u i d from the a l k a l i b a s a l t found 
u n i v e r s a l l y i n the province. 
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I t i s s i g n i f i c a n t however tha t the s y e n i t e members of the 
composite f e l d s p a t h i c dykes a r e l a r g e l y r e s t r i c t e d to quartz 
s y e n i t e i n composition. Nepheline s y e n i t e i s rep r e s e n t e d only 
i n r a r e cases (Bridgwater and Harry 1968, p.123, D. Bridgwater, 
p e r s . comm.), and even then may be of p h o n o l i t i c t r a c h y t e type. 
I f the dykes d e s c r i b e d i n the very thorough account of Bridgwater 
and Harry are r e p r e s e n t a t i v e , such observed i n s t a n c e s of the 
production of nepheline s y e n i t e as the residuum of a b a s a l t i c 
l i q u i d a r e of minor importance. I n view of the abundance of 
nepheline s y e n i t e i n the province, the s i g n i f i c a n c e of t h i s 
o bservation should be considered, s i n c e other mechanisms than 
tha t o u t l i n e d above may be f e a s i b l e . 
I f the hypothesis put forward by H a r r i s (1969) and a p p l i e d 
i n the preceding pages to the s a l i c a l k a l i n e d e r i v a t i v e s i s v a l i d , 
phonolite and f o y a i t e may be regarded as the r e s i d u a l l i q u i d s of 
magmatism i n region s of intermediate t o low geothermal gradient. 
I n these circumstances, the p r o g r e s s i v e s o l i d i f i c a t i o n of a 
s t r a t i f i e d m a fic magma body from the bottom upwards may be supposed 
to operate more e f f i c i e n t l y , such t h a t the weighting f a c t o r i n 
favour of the s a l i c d i f f e r e n t i a t e s a t the s u r f a c e i s very much 
i n c r e a s e d i n comparison to the products seen i n higher heat flow 
a r e a s . Consequently the more mafic f r a c t i o n s of the magma body 
i n which the f e l d s p a t h i c m a t e r i a l analogous to that d e s c r i b e d above 
would occur would only very r a r e l y be represented a t the s u r f a c e . 
A l t e r n a t i v e l y t h e r e seems to be no reason why nepheline 
s y e n i t e magmas may not be regarded as the products of p a r t i a l f u s i o n 
at depth. The p a r t i a l melting of mantle m a t e r i a l to produce s a l i c 
a l k a l i n e l i q u i d s d i r e c t l y has been proposed by Wright (1966,1969,1971) 
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and P r e s n a l l ( 1 9 6 9 ) , but other authors have suggested t h a t the 
p a r t i a l m elting of b a s a l t i c m a t e r i a l a t the base of the c r u s t 
may be a more important mechanism ( B a i l e y 1964, H a r r i s 1970). For 
s a l i c magmatism i n areas of low heat flow, p a r t i a l melting may 
become a p r o g r e s s i v e l y more probable a l t e r n a t i v e t o f r a c t i o n a l 
c r y s t a l l i s a t i o n and a l l i e d p r o cesses. For example, one may suppose 
that a r e l a t i v e l y high heat flow i s necessary t o s u s t a i n the l i q u i d 
c o n d i t i o n of a b a s i c magma for a s u f f i c i e n t time to allo w s i g n i f i c a n t 
l i q u i d or c r y s t a l f r a c t i o n a t i o n to occur, p a r t i c u l a r l y i f t h i s 
occurs a t a high l e v e l i n the c r u s t . I n regions where the geo-
thermal gradient i s lower, the p e r s i s t e n c e of l i q u i d magma i n 
t h i s way i s g e n e r a l l y p o s s i b l e only a t p r o g r e s s i v e l y greater depths 
i n the c r u s t or mantle, p a r t i c u l a r l y when i t i s considered t h a t 
s m aller volumes of magma are produced i n such areas ( H a r r i s 1969) 
and t h a t magma-bodies w i l l t h e r e f o r e be sm a l l e r and t h e i r thermal 
c a p a c i t i e s lower. Magma i n th e s e regions which i s not immediately 
admitted t o the s u r f a c e as ma f i c l a v a may w e l l s o l i d i f y r e l a t i v e l y 
r a p i d l y a t depth. A r i s e i n heat flow, or i n l o c a l temperatures 
as a r e s u l t of t h e f u r t h e r accumulation of hot b a s i c m a t e r i a l , may 
then cause p a r t i a l melting of these deep-seated mafic r o c k s , 
"sweating o f f " the i n i t i a l (low-temperature) p h o n o l i t i c m e l t s . 
These arguments a r e intended merely to i l l u s t r a t e one 
f e a s i b l e p a r t i a l f u s i o n scheme, and the model given should not be 
regarded as unique i n anyway. 
8.4 E v o l u t i o n of S a l i c Magma Type as represented i n the Gr^nnedal-
f k a Complex 
The magmatism represented i n the Grjrfnnedal-lka complex took 
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p l a c e over a range of time, and may i n c l u d e i n the dyke rocks 
elements d e r i v e d u l t i m a t e l y from other magmatic c e n t r e s i n the 
are a . I n these circumstances i t would be unwise to pursue too 
exact an i n t e r p r e t a t i o n of the sequence of magma types represented, 
but a s p e c u l a t i v e attempt to a s s e s s the s i g n i f i c a n c e of the sequence 
i n r e l a t i o n t o the Gardar province as a whole i s perhaps appropriate. 
D. Stephenson ( p e r s o n a l communication), among o t h e r s , has 
emphasised the geographical v a r i a t i o n i n rock type i n the Gardar 
province. The major undersaturated i n t r u s i o n s , the Grtfnnedal-fka, 
the IlfCmaussaq and the I g a l i k o complexes, f a l l t o the north-east 
s i d e of a l i n e drawn from Kungriat to Narssaq ( s e e F i g . 1.1). 
S a t u r a t e d and ove r s a t u r a t e d i n t r u s i o n s on the other hand f a l l on 
or to the south-west s i d e of t h i s l i n e . Stephenson r e l a t e s t h i s 
p a t t e r n to the p o s s i b l e e x i s t e n c e of a s t r u c t u r e a k i n to the E a s t 
A f r i c a n r i f t v a l l e y , where a s i m i l a r p a t t e r n i s observed. This 
geographical f a c t o r may represent one of the c o n t r o l s on the 
composition of magmas appearing i n the Grtfnnedal-Ika complex. 
The Lower S e r i e s magma, the f i r s t t o be i n t r u d e d , i s regarded 
as having been oversaturated with r e s p e c t to nepheline. No 
unmodified r e p r e s e n t a t i v e of t h i s l i q u i d i s a v a i l a b l e , however 
(Chapter 3 ) , and thus i t s composition i s not known q u a n t i t a t i v e l y . 
I t was followed by the emplacement of the Upper S e r i e s magma which, 
from q u a l i t a t i v e arguments based on the f r a c t i o n a t i o n h i s t o r y seen 
i n the cumulus rocks and from comparison of i t s c h i l l w i t h r e l e v a n t 
phase e q u i l i b r i a , i s regarded as approximating i n composition to 
a low-pressure n e p h e l i n e - f e l d s p a r phase boundary. 
The c h a r a c t e r of both l i q u i d s i s c o n s i s t e n t with t h e i r 
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d e r i v a t i o n e i t h e r by p a r t i a l melting or f r a c t i o n a l c r y s t a l l i s a t i o n . 
I f a b a s a l t i c parent i s involved, r a t h e r than d i r e c t d e r i v a t i o n of 
the s y e n i t e l i q u i d from the mantle (Wright 1971), i t s p o s s i b l e 
i d e n t i t y ranges c o n s i d e r a b l y , from melanephelinite to nepheline-
poor b a s a n i t e (see s e c t i o n 8.2). Phonolites a r e a s s o c i a t e d with 
melanephelinite magmatism i n Eas t A f r i c a (King 1965), f o r example, 
but they a r e a l s o commonly viewed as the r e s i d u a l products of 
l i q u i d s of a l k a l i b a s a l t type ( B a i l e y and S c h a i r e r 1966). I t has 
been argued i n Chapter 3 t h a t an a s s o c i a t i o n w i t h h i g h l y under-
s a t u r a t e d mafic magmas of n e p h e l i n i t e a f f i n i t y i s improbable because 
only r a r e occurrences of rocks of t h i s type have been re p o r t e d from 
the Gardar province ( s e e , f o r example Stewart 1970). The mechanisms 
d i s c u s s e d i n an e a r l i e r p art of t h i s Chapter, whereby b a s i c rocks 
may be s t r o n g l y under-represented, might tend to modify t h i s view 
but i n t u i t i v e l y i t seems very u n l i k e l y t h a t such rocks would go 
e n t i r e l y unrepresented (or undetected) i f they contributed s i g n i f -
i c a n t l y t o the magmatism of the province. Large volumes of 
n e p h e l i n i t e l a v a s (and i j o l i t e i n t r u s i v e s ) a r e seen i n E a s t A f r i c a 
i n a s s o c i a t i o n with phonolite l a v a s . On the other hand, the 
Gr^nnedal-fka complex appears to predate a l l major dyke episodes, 
suggesting t h a t unmodified p a r e n t a l m a t e r i a l may have been very 
s p a r s e l y represented, i f at a l l , a t the s u r f a c e . 
There seem to be good grounds f o r regarding the X e n o l i t h i c 
P o r p h y r i t i c S y e n i t e magma-type i n a d i f f e r e n t l i g h t . I n r e l a t i o n 
to the main body of nepheline s y e n i t e s , i t has high c o n c e n t r a t i o n s 
of the r e s i d u a l t r a c e elements, and i t s mode of emplacement and i t s 
present composition suggest t h a t i t was h i g h l y charged w i t h 
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v o l a t i l e s , a f e a t u r e which i s not i n evidence i n the other 
s y e n i t e s . There i s a tendency t o show a r e l a t i v e l y f e l d s p a t h i c 
and p e r a l k a l i n e nature. I n these r e s p e c t s i t b e a r s comparison 
with the l a t e r p h o n o l i t i c t r a c h y t e s of the Gr^hnedal-fka complex 
(Chapter 4 ) , w i t h the nepheline s y e n i t e member of the Hviddal 
gi a n t dyke (Upton 1964b) and p o s s i b l y w i t h the parent magma of 
the I l i m a u s s a q i n t r u s i o n . I n a l l these i n s t a n c e s there i s evidence 
of p e r a l k a l i n e v o l a t i l e - r i c h r e s i d u a i n which high concentrations 
of the incompatible elements may be achieved. The rocks do not 
compare q u a n t i t a t i v e l y with the reknowned a g p a i t i c l a y e r e d rocks 
of the I l i m a u s s a q and Lovozero m a s s i f s , and none of the type-
m i n e r a l s of such rocks are reported i n the Grj&inedal-Ika complex, 
but i n many r e s p e c t s t h i s c h a r a c t e r i s seen i n i t s i n c i p i e n t stage 
i n the X e n o l i t h i c P o r p h y r i t i c Syenite magma a s s o c i a t i o n , and i n a 
more advanced stage i n the phonolite dykes d e s c r i b e d i n Chapters 
4 and 5. The l a t t e r group compares c h e m i c a l l y w i t h dyke rocks 
i n which a g p a i t i c p r o p e r t i e s have been reported from other a r e a s 
(Azambre and G i r o n 1966, Bordet et a l . 1955), and i t may be t h a t 
such magmas rep r e s e n t a stage i n the e v o l u t i o n of the a g p a i t i c 
r o c k s . The f u l l extent of a g p a i t i c c h a r a c t e r as d e s c r i b e d above may 
only be developed when such magmas are present i n a l a r g e magma 
chamber i n which v o l a t i l e l o c a l i s a t i o n and other such s p e c i a l i s e d 
processes thought to c o n t r i b u t e t o the a g p a i t i c t r e n d can occur 
(Stfrensen 1969, Vlasov e t a l . 1966). 
I t i s s i g n i f i c a n t t h a t a u g i t e s y e n i t e , r a t h e r than a more 
s i l i c a - u n d e r s a t u r a t e d l i q u i d , i s regarded as p a r e n t a l to the 
Ilfma u s s a q agpaites (Ferguson 1970). S i m i l a r l y t h e r e i s evidence 
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(Chapter 4) that the Grizfanedal-Ika p e r a l k a l i n e phonolites 
( p h o n o l i t i c t r a c h y t e s ) have evolved l a r g e l y by f e l d s p a r f r a c t -
i o n a t i o n from an intermediate parent which was only m a r g i n a l l y 
undersaturated w i t h regard to s i l i c a . I f these conclusions apply 
to the X e n o l i t h i c P o r p h y r i t i c S y e n i t e magma type, i t seems that 
i t s a s s o c i a t i o n w i t h the e a r l y s y e n i t e l i q u i d s i s only i n d i r e c t . 
Sjtfrensen (1969) supposes that the upward mig r a t i o n of v o l a t i l e 
and p o s s i b l y f e l s i c components i n such a l i q u i d has played an 
e s s e n t i a l p a r t i n determining the tre n d towards a g p a i t i c c h a r a c t e r . 
Such processes may by analogy have i n f l u e n c e d the nature of the 
hydrous p e r a l k a l i n e rocks of the Grflfrinedal-Ika complex. I t i s 
q u i t e p o s s i b l e t h a t the X e n o l i t h i c P o r p h y r i t i c S y e n i t e a s s o c i a t i o n 
r e p r e s e n t s the f i n a l pegmatitic residuum of b a s i c or intermediate 
magma a t depth, and that the extreme build-up of v o l a t i l e p r e s s u r e s 
during t h i s process accounts f o r i t s e v i d e n t l y v i o l e n t emplacement. 
The c a r b o n a t i t e , the l a s t major i n t r u s i v e event i n the complex 
before the mafic dykes, r e p r e s e n t s another v o l a t i l e - c o n t r o l l e d 
i n t r u s i o n . Emeleus (1964) observed t h a t i n general c a r b o n a t i t e s 
a r e not u s u a l l y a s s o c i a t e d with nepheline s y e n i t e but wi t h f e l d s p a r -
poor and f e l d s p a r - f r e e a l k a l i n e rocks ( s e e , f o r i n s t a n c e , King 1965). 
I n the present c a s e , the c a r b o n a t i t e may be g e n e t i c a l l y u n r e l a t e d 
to the s y e n i t e s , i t s appearance i n the complex being determined by 
the evident c r u s t a l weakness i n the l o c a l i t y as a r e s u l t of the 
f a u l t i n g i n the a r e a (Chapter 1 ) , but l i t t l e can be s a i d on t h i s 
p oint u n t i l the chemistry of the c a r b o n a t i t e body has been stud i e d . 
The appearance of s i l i c a - s a t u r a t e d and mar g i n a l l y o v e r s a t u r a t e d 
t r a c h y t e dykes l a t e i n the development of the complex may p o s s i b l y 
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be l i n k e d w i t h the emplacement of the l a t e r Kungnat complex 
nearby (Upton 1960). I t has been argued (Chapter 7) that the 
lamprophyres and t r a c h y t e s may re p r e s e n t part of a tre n d from 
t r a c h y d o l e r i t e to a l k a l i r h y o l i t e , as seen i n the TugtutSq 
peninsula (Macdonald 1969) and i n the Kungnat complex (Upton e t a l . 
1971). One may perhaps r e l a t e the s a t u r a t e d t r a c h y t e and a l l i e d 
a c t i v i t y to the voluminous b a s a l t and d o l e r i t e i n t r u s i o n s ( i n c l u d i n g 
Big F e l d s p a r Dykes) which preceded i t . 
From t h e p a t t e r n of development d e s c r i b e d i n these pages there 
are grounds for d i s t i n g u i s h i n g very t e n t a t i v e l y a trend of 
d e c l i n i n g s i l i c a - u n d e r s a t u r a t i o n w i t h time i n the Grjfoinedal-Ika 
complex. Such a t r e n d might be compared with the temporal 
sequence from Miocene n e p h e l i n i t e through to t r a c h y t e s and 
r h y o l i t e s i n the P l e i s t o c e n e and Recent which has been d i s t i n g u i s h e d 
by King (1970) i n the E a s t A f r i c a n provinces. I n the present s t a t e 
of knowledge of phase r e l a t i o n s i n the Petrogeny's Residua and 
a l l i e d systems, t h i s t r e n d i s hard t o r e c o n c i l e with f r a c t i o n a l 
c r y s t a l l i s a t i o n a c t i n g alone on a common b a s a l t i c parent. The 
p a t t e r n may r e f l e c t the changing i n f l u e n c e of l i q u i d f r a c t i o n a t i o n 
as d e s c r i b e d by Upton (1960) and Bridgwater and Harry (1968), but 
i t i s impossible to p r e d i c t the e f f e c t s of s u b t l e changes i n such 
a process. An a l t e r n a t i v e view i s that the tre n d towards s i l i c a 
s a t u r a t i o n r e f l e c t s the o v e r a l l change w i t h time of the magma type 
predominating i n t h i s p a r t of the province. Such a change, i f 
e s t a b l i s h e d more widely, might be an i n d i c a t i o n of i n c r e a s i n g 
geothermal gradient due to developments i n the heat d i s t r i b u t i o n 
i n the mantle underlying the province, a process which may pla y 
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an important p a r t i n the e v o l u t i o n of c o n t i n e n t a l a l k a l i n e 
provinces i n g e n e r a l . T h i s conclusion i s based merely on the 
present study of the s a l i c rocks o f the Grtfnnedal-Ika complex, 
however, and u n t i l r e g i o n a l work on the b a s i c magmatism i s 
a v a i l a b l e there i s no evidence t h a t the p a t t e r n extends to a l l 
the rock types of which the Gardar province i s composed. 
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A P P E N D I C E S 
APPENDIX 1 
Specimen P r e p a r a t i o n 
The rocks s e l e c t e d for a n a l y s i s were s p l i t i n t o p i e c e s 
ranging from 2 to 5 cm. i n s i z e using a Cutrock Engineering 
h y d r a u l i c s p l i t t e r . Every e f f o r t was made a t t h i s stage to 
obtain f o r a n a l y s i s m a t e r i a l f r e e of weathering and f o r e i g n 
m a t e r i a l ; i n p a r t i c u l a r the x e n o l i t h - b e a r i n g v a r i e t i e s of 
s y e n i t e were broken i n t o s m a l l e r p i e c e s to ensure t h a t x e n o l i t h s 
were not included. Composite specimens ( i . e . l a y e r e d rocks, 
contact specimens) were c a r e f u l l y separated i n t o t h e i r component 
p a r t s . Small hand specimens were put a s i d e f o r the p r e p a r a t i o n 
of p o l i s h e d t h i n s e c t i o n s , should these be r e q u i r e d . 
The s e l e c t e d fragments of each rock were scrubbed i n c l e a n 
water to remove l i c h e n and s u p e r f i c i a l d e p o s i t s , any remaining 
p a i n t spots and weathered s u r f a c e s having f i r s t been removed 
using a diamond-impregnated wheel. The c l e a n fragments were 
reduced t o a coarse g r a v e l by means of a Sturtevant 2"x6" R o l l 
Jaw Crusher. I n the case of the s y e n i t e s , for which the sampling 
of l a r g e hand specimens was d e s i r a b l e (Wager and Brown, 1960), the 
g r a v e l was quartered r e p r e s e n t a t i v e l y t o obtain a volume of each 
s u i t a b l e f o r f u r t h e r p r o c e s s i n g . I n some c a s e s §, 1/8 or 1/16 
f r a c t i o n s were taken, as appropriate. I n the case of s y e n i t e s and 
lamprophyres the remainder of the r o c k - g r a v e l was preserved with 
a view to m i n e r a l s e p a r a t i o n . 
The r o c k - g r a v e l , amounting to 50-150 g., was reduced t o f i n e 
powder using a Tema Laboratory D i s c M i l l model T-100 with a tungsten 
carbide Widia grinding b a r r e l . A s m a l l but r e p r e s e n t a t i v e sample, 
of powder f o r the determination o f FeO was withdrawn a f t e r 30 s e e s . 
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grinding for the reason given below. The r e s t of the powder was 
ground f o r a f u r t h e r 3-4 minutes, depending upon the amount of 
m a t e r i a l , t h i s period being the minimum found t o give a s u f f i c i e n t l y 
f i n e product. 
The s u s c e p t i b i l i t y of igneous r o c k s , p a r t i c u l a r l y those con-
t a i n i n g f e r r o u s l a y e r s i l i c a t e s , was examined by the w r i t e r i n 
c o l l a b o r a t i o n w i t h J.G. F i t t o n during the course of the work 
reported i n t h i s t h e s i s . The r e s u l t s , which were published i n 
Geochimica e t Cosmochimica A c t a , a r e given i n the f o l l o w i n g pages. 
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The oxidation of ferrous iron in rocks during mechanical grinding 
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Abstract—Experiments are described which demonstrate considerable atmospheric oxidation 
of ferrous iron in hydrous igneous rocks during routine grinding in a disc mill prior to chemical 
analysis. The causes and implications of this oxidation are discussed. 
INTRODUCTION 
T H E SUSCEPTIBILITY of ferrous iron in rocks and minerals to non-quantitative oxida-
tion during analysis is well established, and has received much attention from 
analysts over many yeara. The diversity of techniques by which this tendency can 
be suppressed has been covered in a recent review by SCHAFEB (1966). In contrast, 
awareness among authors of the effects of sample preparation on the apparent oxida-
tion status seems to be limited, and on the rare occasions when mention is made the 
reference is usually to practices accepted before mechanical methods of sample 
reduction became widespread. 
The effect of the various methods of sample preparation on ferrous iron content is 
twofold: 
(i) Contamination can arise from particles of metallic iron derived from milling 
equipment. This has only recently been examined by R I T C H I E (1968). Errors 
become significant when comparisons are made between different laboratories and 
various methods, but otherwise the effect is relatively trivial. 
(ii) Atmospheric oxidation of ferrous iron is possible during milling, particularly 
in the last stages when the powder is fine and local temperatures are high. This can 
be far more severe with some rocks than is commonly accepted, and the evaluation 
of such errors is the primary object of this note. 
It has long been the practice among reputable analysts to carry out determinations 
of the oxidation status of a rock only on a coarsely ground (but representative) 
batch of fragments set aside for the purpose. This precaution can be traced back 
to the observation by MAUZELIUS (1907) that significant oxidation of most rocks 
could be brought about by very fine milling. I t is interesting to note that up to 
this time the use of extremely fine powders had been advocated by such authorities 
as H I L L E B B A N D and WASHINGTON in the interests of the rapid solution of the material. 
In later publications, however, both authors adopt the cautionary tone set by 
MAUZBLIUS (HILLEBBAND, 1908; WASHINGTON, 1919), although their recommenda-
tions differ in detail. 
From the accounts given by these authors, it is clear that significant oxidation 
occurred only after crushing or grinding for long periods, usually much greater than 
half an hour. I t is important to recognise that these times are not directly comparable 
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with milling times in modern mechanical equipment. In view of the high efficiency 
of modern methods, and the demand for fine powder imposed by rapid instrumental 
methods of analysis, there are good grounds for a review of the situation. 
TECHNIQUE 
The mill used in these experiments was a Tema Laboratory Disc Mill model T 100 with a 
tungsten carbide Widia grinding barrel. The barrel was sealed with a smooth rubber gasket. 
The conditions were those routinely used in these laboratories, except for the method of repeated 
sampling described below. 
All experiments were carried out on 100-0 ± 0-5 g of rock chips (less than 1 cm in size) 
produced by a mechanical jaw crusher. Two sampling methods were adopted. The first 
consisted of grinding separate 100-g samples of the same rock continuously for three and six 
minutes respectively. The results of this method define the broken line of Fig. 1. 
The continuous line of Fig. 1 and all the data of Fig. 2 were derived by the alternative 
method which was designed to allow effectively free access of air and frequent sampling. In 
this method, the grinding process was interrupted at the intervals shown in Fig. 2 to permit 
the abstraction of a representative sample of approximately 1 g. The time axis of the graphs 
records the grinding times exclusive of sampling intervals. 
All the ferrous iron measurements were obtained by the oxidising-decomposition method 
of WILSON (1955). The water determinations were carried out by the R I L E Y (1958) method. 
For this purpose, the sample extracted after three minutes of grinding was chosen to represent 
each specimen, and all such samples were dried for several hours at 110°C prior to water deter-
mination. 
R E S U L T S 
Figure 1 shows the results of experiments carried out on one rock, No. 12 in 
Table 1. The continuous line is the outcome of grinding interrupted at the times 
shown to allow sampling and the admission of fresh air. The line therefore approxi-
mates closely to the oxidation pattern in an abundant excess of air. The point 
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Fig. 1. The variation in FeO content with time of grinding for specimen No. 12. 
The unbroken line shows the result of repeated sampling as described in the 
text. The broken line represents experiments in which samples were ground 
continuously in the sealed mill for the times shown. The theoretical limit of 
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Fig. 2. "Loss curves" for the rocks described in the table. Open circles denote 
grinding with effectively free access of air (see text). The dark circle (rock No. 12 
only) represents brief hand grinding under acetone. 
appearing at zero grinding time was obtained from fragments ground briefly by 
hand under acetone in an agate pestle and mortar, and therefore represents the best 
possible estimate of the true FeO value. 
Besides illustrating the degree of oxidation which can occur in circumstances 
which favour it, the curve has two features which are notable. The slight initial 
slope, which probably represents the rapid-breaking first phase of grinding during 
which little heat is generated, steepens into a region of maximum slope. This appears 
to be the upper part of a hyperbolic decay curve; the asymptotic character is more 
pronounced in other specimens studied. 
The points shown by triangles identify two runs of continuous grinding for the 
times shown without admission of air beyond the amount present in the mill at the 
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Table 1 
Specimen Book type Loca l i ty 
FeO-bearing mineral 
assemblage* 
In i t ia l % F e O 
(extrapolated) % H . O + 
1 Traohyte S . W . Greenland B i 0-34 4-65 
2 Granite Aberdeen B i ( - 0 ) 1-30 0-70 
3 Rhyodaoite L a k e Distr ict C h l - A m - O ( - G t ) 1-82 1-56 
4 Miorosyenite S . W . Greenland B i 2-06 0-80 
5 Daoite tuff L a k e Distr ict C h l - A m - 0 ( - G t ) 2-54 1-60 
6 Daeite tuff L a k e Dis tr ic t C h l - A m - 0 ( - G t ) 3-20 1-95 
7 Andesite tuff L a k e Dis tr ic t C h l - O 3-78 2-20 
8 Daoite pitchstone L a k e Distr ict C h l - O t 3-88 2 0 0 
9 E u c r i t e Ardnamurohan O l - C p x - B i 4-82 1 1 0 
10 Andesite L a k e Distriot C h l - O 5-08 3-38 
11 Foya i t e S . W . Greenland B i - A m 5-84 1-27 
12 Basa l t L a k e Distriot C h l - C p x - O 6-80 2-90 
13 B a s a l t tuff L a k e District C h l - C p x - O 7-40 3-80 
14 Traohyte S . W . Greenland B i - C h l - O 8-04 2 0 0 
I S O l i v i n e basalt Ice land C p x - O l - 0 9-18 0-20 
* A m = a 
01 - olivine. 
mphibole, B i = biotite, Chi — ohlorite, C p z = clinopyroxene, G t : garnet, 0 = opaque oxides. 
Minerals arranged i n order of abundance wi th minor phases in parenthesis, 
f F e O is also present in the brown devitrified groundmass. 
outset. Clearly the one-minute open circle also represents the result of an experiment 
of this type, and one can therefore draw through these three points a line (shown 
broken), comparable with the unbroken one, which describes the oxidation character-
istic when the only air available is that defined by the volume of the milling vessel. 
The divergence between the broken and unbroken curves demonstrates the 
limiting effect imposed by the quantity of oxygen available in the sealed milling 
vessel. A theoretical limit can be calculated from the known volume of the mill and 
this is represented by the dotted line in Fig. 1. The agreement with the declining 
rate of oxidation is obvious, and the oxidation is therefore undoubtedly atmospheric. 
In the experiments described below, which provide the data for Fig. 2, the 
repeated admission of air to the mill when samples are being extracted is assumed to 
correspond, to all intents and purposes, to the ideal situation in which oxygen is 
freely available at all times. The data of Fig. 1 demonstrate that the assumption 
holds good for nearly all the curves. On the other hand, limitation of the oxidation 
in this manner can be significant at the continuous grinding times used in routine 
work with this equipment. This fact may find application as a means of correcting 
for ferrous iron loss when it is known to be large and long grinding times are used. 
A simple correction can be derived from the volume of the mill, the weight of rook 
used and the measured FeO content. 
Figure 2 summarises the results of comparative experiments on fifteen rocks 
of widely varying composition.carmed out with repeated admission of air. Comparison 
immediately shows a broad correlation between the amount of FeO lost and the 
initial ferrous iron content. This is difficult to evaluate because the loss curves are 
by no means linear and vary with a number of uncontrollable factors. Nevertheless 
some representation of susceptibility to oxidation has been attempted, and its 
relationship to the initial FeO content is shown in Fig. 3. 
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The function used is the area bounded by the loss curve in question, a horizontal 
line intercepting it at the five-minute stage, and the vertical axis. This area function 
has been found suitable on an empirical basis for the following reasons: 
(i) The initial plateau present on some curves is given a low weighting in the 
final value. This is appropriate because it is regarded as a function only of rock 
hardness. 
(ii) Cases of rapid but short-lived oxidation are distinguished from those in 
which oxidation begins late or proceeds slowly, but shows no sign of abating at 
five minutes. Taking simple differences in FeO values does not achieve this distinc-
tion. 
(iii) Taking some slope function would only emphasise differences in the rate of 
reaction, which in itself is not the object of the present investigation. 
Three distinct groups emerge from Fig. 3. Most of the rocks fall on a common 
trend running from No. 1 to No. 14. It is significant that all such rooks have chlorite 
or biotite as the principal ferrous iron-bearing phase. Accordingly they all contain 
significant amounts of combined water, but no correlation emerges beyond this 
qualitative one. 
3 4 3 6 7 8 9 10 
INITIAL WT. % FiO (EXTRAPOLATED) 
Fig. 3. Relative area under each loss curve, expressed as a percentage of the 
greatest (No. 14), plotted against initial weight percent FeO (extrapolated). 
Statistical uncertainty is shown by the vertical lines through the data points. 
The vertical extent is equal to twice the area of a hypothetical rectangle in Fig. 2 
whose base is five minutes, and whose height is equal to the standard deviation 
of data points about the loss curve or the estimated analytical standard deviation, 
whichever is the larger. 
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Two rocks appear to have the power to resist oxidation on the scale shown by the 
main trend. This power is almost total in No. 15, an olivine basalt having no 
microscopically visible trace of any hydrous mineral phase. Specimen 9 is more 
readily oxidised but nevertheless stands apart from the main trend. In this rock, a 
eucrite, the ferrous iron resides mainly in fresh olivine and pyroxene, but minor 
biotite is also present. The intermediate position of this rock in Fig. 3 lends some 
weight to the influence of biotite (and, by analogy, chlorite) in determining suscepti-
bility to oxidation. 
Specimen 8, a porphyritic pitchstone containing a few small chlorite pseudo-
morphs after pyroxene, shows higher loss relative to initial FeO than any other rock 
in the experiment. In this rock, however, it is probable that a major part of the 
ferrous iron resides in the devitrified groundmass, conceivably in incipient chlorite. 
I t is not unreasonable to ascribe the anomalous rate of oxidation to the extremely 
line state of division of the groundmass iron-bearing phases. 
The relationship between these three groups points to a pattern of oxidation 
strongly dependent on mineralogical constitution. This is supported by the forms 
of some of the loss curves which (Fig. 2, Nos. 5, 7, 10) show exponential decline 
towards asymptotes situated at fairly high levels of ferrous iron content. It is 
reasonable to suppose that such limits are determined by the proportion of minerals 
resistant to oxidation. I t appears from the limited experiments described here that 
certain hydrous silicates are very susceptible to oxidation, while other minerals 
maintain considerable resistance to it. 
Since the emphasis of this work is penological, tests on individual minerals have 
not been attempted. I t is nevertheless clear that a very large proportion of the 
ferrous iron in biotite and chlorite (and possibly some amphiboles) can become 
oxidised by the atmosphere during rock grinding. TZVBTKOV and VALYASHEKHTNA 
(1956) have observed oxidation in biotite with extended grinding which is brought 
about by structural water, but this is not the dominant mechanism for the effects 
described here. Simple surface oxidation is a much more likely explanation, since the 
potential for the generation of new surface area with grinding is clearly very great 
with the layer silicates. Such a model does, however, require that the sheets are 
reduced to an extraordinary degree of fineness in order to account for the amount 
of oxidation observed in these experiments. In fact a simple calculation shows that 
the average thickness of such sheets after a few minutes of grinding can be only one 
order of magnitude greater than the depth of penetration of oxidation. Very fine 
division of these minerals brought about by the abrasive effect of the hard silicates 
present can be expected in the rocks studied. Nevertheless some mechanism may 
exist, possibly involving exchange with hydroxyl ions, whereby oxidation can 
penetrate to considerable depths below the surface. 
The evidence presented here clearly precludes the use of powders produced by 
routine disc-milling for ferrous oxide determination in a large number of cases. 
When ferrous oxide must be determined very accurately (for example, for the evalua-
tion of oxidation ratios) it is essential that a sample of the rock be ground very 
carefully by hand, preferably in a non-oxidising medium such as acetone. During 
the course of these experiments it has been found that rock samples removed from 
the disc mill after only 30 sec of grinding are usually fine enough for complete 
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solution in cold hydrofluoric acid, although oxide minerals sometimes present a 
problem. Such samples show only slight oxidation (Fig. 2) and could well be used 
for routine ferrous oxide determinations on most rooks. 
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APPENDIX 2 
C o r r e c t i o n f a r Mass-Absorption D i f f e r e n c e s i n the A n a l y s i s of 
the Nepheline S y e n i t e s and Lamprophyres by X-ray Fluorescence 
Spectr ometry 
The X-ray f l u o r e s c e n c e a n a l y t i c a l procedure used i n t h i s 
Department i s based on the use of rock-powder b r i c q u e t t e s , l a r g e l y 
because of the saving i n preparation time which t h i s b r i n g s compared 
to f u s i o n techniques. I n most cases the a n a l y t i c a l data are c o r r e c -
t e d f o r mass-absorption d i f f e r e n c e s between standards and unknowns 
as d e s c r i b e d by Holland and B r i n d l e (1966) and Reeves (1971). However, 
t h i s c o r r e c t i o n procedure i s open t o c r i t i c i s m s i n c e , for reasons 
which are not e n t i r e l y understood, convergence of the i t e r a t i v e c a l -
c u l a t i o n to produce r e a l i s t i c a n a l y s e s depends to a c o n s i d e r a b l e 
degree on n o r m a l i s a t i o n of the a n a l y s i s to t o t a l 100%. I n a d d i t i o n , 
i t i s common f o r the r e l a t i v e proportions of elements to be i n e r r o r 
to a s i m i l a r degree. T e s t s have shown that such e r r o r s a r e i n s i g -
n i f i c a n t f o r the p h o n o l i t e s and t r a c h y t e s d e s c r i b e d i n t h i s work 
(Table A . l b ) , but the method i s found to be inadequate when a p p l i e d 
to the s y e n i t e s and lamprophyres, among which the compositional 
v a r i a t i o n i s much g r e a t e r . For these rocks, the a n a l y s e s given have 
been obtained by d i r e c t comparison of the unknown with the uncorrected 
standard c a l i b r a t i o n , except i n the case of S i 0 2 where an e m p i r i c a l 
c o r r e c t i o n has been found to g i v e the most s a t i s f a c t o r y r e s u l t s . I n 
t h i s appendix the use of such methods i s j u s t i f i e d and some s h o r t -
comings of the Holland-Brindle method are d i s c u s s e d . 
The m a t r i x - c o r r e c t i o n scheme proposed by Holland and B r i n d l e 
(1966) uses elemental mass-absorption c o e f f i c i e n t s c a l c u l a t e d i n 
the manner d e s c r i b e d by H e i n r i c h (1966). Experimental determinations 
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of these c o e f f i c i e n t s a r e not a v a i l a b l e for many elements, but 
the c a l c u l a t e d v a l u e s given by H e i n r i c h are widely regarded as 
a c c e p t a b l e , and c o n s i d e r a b l e success has been achieved with 
e l e c t r o n microprobe procedures based on them (Sweatman and Long 
1969). However, c o r r e c t i o n procedures i n which the absorption 
constants are determined e m p i r i c a l l y from a wide range of standards 
are now more widely favoured i n X-ray f l u o r e s c e n c e spectrometry 
(Lucas-Tooth and P r i c e 1961, Kodama e t a l . 1967, N o r r i s h and Hutton 
1969, Jenkins and de V r i e s 1970), although they are more o f t e n 
a p p l i e d to f u s i o n than to powder determination. 
I n the present study the need for i n t e r - e l e m e n t c o r r e c t i o n s 
of t h i s k i n d has been g r e a t l y reduced through the use of rocks of 
a l k a l i n e a f f i n i t y as standards. The standards, which are l i s t e d 
a t the end of t h i s Appendix, range from a l k a l i b a s a l t through 
nepheline s y e n i t e to quartz s y e n i t e and are found to encompass the 
chemical v a r i a t i o n i n the a n a l y s e s reported i n Appendix 6 w i t h an 
ample margin a t each end of the range, except i n the case of a very 
few extreme compositions. I n s p e c t i o n of the c a l i b r a t i o n s (counts 
versus weight percentage) f o r the major elements r e v e a l s t h a t mass-
absorption and enhancement e f f e c t s are s u f f i c i e n t l y minor to be 
ignored i n every case except SiO and A l 0 . With both o f these 
elements there i s found to be a dependence upon the percentage of 
t o t a l i r o n p r e s e n t , as i s shown i n F i g . A . l . That i r o n should be 
dominant i n t h i s r e s p e c t i s t o be expected s i n c e i t has the h i g h e s t 
atomic number of the elements present i n major q u a n t i t i e s , and 
v a r i e s s t r o n g l y i n i t s concentration. 
C o r r e c t i o n i s c a l l e d f o r i n the case of SiO^ because of the 
pronounced divergence i n the lower p a r t of the c a l i b r a t i o n w i t h 
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v a r y i n g i r o n content, and because anomalous a n a l y s i s t o t a l s a r e 
obtained w i t h unknowns and standards of extreme (high or low) i r o n 
content when no c o r r e c t i o n i s made. Thus 31878 w i t h 14.20% Fe 0 
2 3 
had a t o t a l of 102.5%, 27087 with 23.3% t o t a l Fe 0„ had a t o t a l of 
' 2 3 
107.5%, whereas 50272 with only 4.65% F e 2 ° 3 h a d a t o t a l o f 98.1% 
p r i o r to c o r r e c t i o n . Reference to the S i 0 2 c a l i b r a t i o n ( F i g . A - l a ) 
shows t h a t standards with l e s s than about 11% t o t a l i r o n oxide l i e 
on an acceptable s t r a i g h t l i n e , w h i l e the c a l i b r a t i o n l i n e appears 
to s u f f e r p a r a l l e l displacement at s u c c e s s i v e l y higher i r o n contents 
outside t h i s range. C o r r e c t i o n has been c a r r i e d out by p l a c i n g the 
r e g r e s s i o n l i n e through the specimens w i t h l e s s than 11% F e 2 ^ 3 a n t * 
making a s u i t a b l e c o r r e c t i o n t o unknowns which do not f a l l w i t h i n 
t h i s range. A n a l y s i s t o t a l s a r e now found to be independent of i r o n 
content. 
I t w i l l be observed th a t the normalised mass-absorption-corrected 
c a l i b r a t i o n ( F i g . A . l c ) appears not to be iron-dependent. T h i s con-
c l u s i o n i s f a l s e , however, s i n c e the concordance i s brought about 
e n t i r e l y by c l o s u r e . The unnormalised c a l i b r a t i o n ( F i g . A.lb) i s of 
s t i l l poorer q u a l i t y than the direct-comparison l i n e . T h i s dependence 
on c l o s u r e to obtain s a t i s f a c t o r y c a l i b r a t i o n i s a c h a r a c t e r i s t i c 
f a i l i n g o f the Holland-Brindle method. 
The uncorrected c a l i b r a t i o n for A l 0 , though r e v e a l i n g a s m a l l 
degree of iron-dependence, i s regarded as s a t i s f a c t o r y for present 
purposes. I t w i l l be seen from F i g . A . l t h a t the Holland-Brindle 
procedure s e v e r e l y o v e r c o r r e c t s f o r t h i s e f f e c t , g i v i n g poor r e s u l t s 
even a f t e r c l o s u r e . 
The A l 0 contents of s e v e r a l lamprophyres determined by X-ray 2 3 
f l u o r e s c e n c e have been confirmed by atomic absorption spectrophotometry, 
and those of a s m a l l sample of t r a c h y t e s and phonolites by a c o l o u r -
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FIGURE A . l 
C a l i b r a t i o n s f o r the determination of SiO„ and A l 0 i n 
2 2 3 
nepheline s y e n i t e s and lamprophyres by X-ray f l u o r e s c e n c e 
spectrometry, showing dependence on i r o n content. 
a. SiC> 2 - raw counts; 
b. SiO^ •• c o r r e c t e d f o r mass absorption d i f f e r e n c e s 
(Reeves 1971) but not normalised; 
c. SiO^ - c o r r e c t e d and normalised; 
d. A l 0„ - raw counts; 
2 3 ' 
e. A l (3 - c o r r e c t e d not normalised; 
2 3 ' 
f . Al„0„ - c o r r e c t e d and normalised. 
2 3 
Data p o i n t s are ornamented to i n d i c a t e the range of t o t a l 
i r o n content as f o l l o w s : 
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m e t r i c method. 
A histogram of a n a l y s i s t o t a l s f o r the unknowns ( s y e n i t e s and 
lamprophyres) i s shown i n F i g . A.2. w h i l s t t h e r e i s s i g n i f i c a n t l y 
g r eater v a r i a t i o n than would be ac c e p t a b l e from wet-chemical methods, 
and n e i t h e r the mean nor the mode of the d i s t r i b u t i o n c o i n c i d e s 
e x a c t l y with 100%, the r e s u l t s are regarded as s a t i s f a c t o r y f o r the 
purposes considered i n t h i s t h e s i s , p a r t i c u l a r l y i n view of the 
number of a n a l y s e s presented. 
C o m p a t i b i l i t y 
The phonolites and t r a c h y t e s on the one hand and the lamprophyres 
and s y e n i t e s on the other have been analysed on separat e occasions 
u s i n g the same s u i t e of standards but d i f f e r e n t major-element c o r r e c t -
i o n procedures. C o m p a t i b i l i t y between the two s e t s of data has been 
assured by a n a l y s i n g a sample of phonolites on both occasions. The 
r e s u l t s a r e compared i n Table A l b , and show t h a t the e r r o r s introduced 
by the Holland-Brindle method, d i s c u s s e d i n t h i s Appendix, prove to be 
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F i g . A.2 
Frequency d i s t r i b u t i o n of t o t a l s of a n a l y s i s by 
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APPENDIX 3 
A v e r s a t i l e computer programme f o r c a l c u l a t i o n s a s s o c i a t e d with 
t r a c e element determinations by X-ray f l u o r e s c e n c e spectrometry 
T h i s programme c a r r i e s out the c a l c u l a t i o n s a s s o c i a t e d with 
r o u t i n e t r a c e element a n a l y s i s by X-ray f l u o r e s c e n c e spectrometry. 
The programme i s designed to accept counts data as p r i n t e d by a 
P h i l i p s PW 1212 automatic spectrometer, namely i n b l o c k s of four 
numbers per channel f o r any number of channels up to f i f t e e n , but 
there should be l i t t l e d i f f i c u l t y i n modifying the read statements 
t o accept data i n other formats. I n i t s present form the programme 
i s w r i t t e n i n PL-1 (IBM Programming Language 1 ) . 
For each element being determined, up t o a t o t a l of f i f t e e n , 
the a n a l y s t u s i n g the programme may choose between two a l t e r n a t i v e 
c ount-rate f u n c t i o n s upon which to base h i s c a l i b r a t i o n . These a r e 
net peak i n t e n s i t y ( I ^ - I ^ , i n counts) and net peak counts d i v i d e d by 
the background counts (1^/1^-1, a dimensionless r a t i o ) . The l a t t e r 
f u n c t i o n corresponds to the common p r a c t i c e of usin g s c a t t e r e d 
r a d i a t i o n as an i n t e r n a l standard. These two options may be 
v a r i e d f r e e l y from one element to another w i t h i n one a n a l y t i c a l 
programme. 
The background-under-peak may be c a l c u l a t e d from the raw data 
i n one of three ways: 
(a ) i t may be represented by a s i n g l e s a t e l l i t e background 
reading; 
(b) i t may be c a l c u l a t e d by l i n e a r i n t e r p o l a t i o n from two 
s a t e l l i t e background readings* (not n e c e s s a r i l y e q u i d i s t a n t 
i n two-theta from the peak p o s i t i o n ) , or 
•Intermediate background p o s i t i o n s may be shared between consecutive 
peaks, i n which case readings a r e s u p p l i e d only once for each specimen. 
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( c ) i t may be c a l c u l a t e d by polynomial (Newton-Gauss) i n t e r -
p o l a t i o n from four equispaced background readings sym-
m e t r i c a l l y disposed about the peak p o s i t i o n i n two-theta. 
These three a l t e r n a t i v e s correspond r e s p e c t i v e l y t o s i t u a t i o n s i n 
which the background i s (a) l e v e l , ( b ) s l o p i n g l i n e a r l y or ( c ) 
s l o p i n g n o n ~ l i n e a r l y about the peak p o s i t i o n . The t h i r d technique 
has been a p p l i e d s u c c e s s f u l l y to the a n a l y s i s of t r a c e amounts of 
copper using a L i F 200 c r y s t a l and a W t a r g e t . I n t h i s case the 
Cu Ka peak i s superimposed on the f l a n k of a W c h a r a c t e r i s t i c l i n e 
which produces a s t r o n g l y concave background i n the region of the 
a n a l y t i c a l l i n e . 
C o r r e c t i o n may be made f o r a blank/contamination reading and 
f o r K-beta i n t e r f e r e n c e from appropriate elements. The c o r r e c t i o n s 
are based on predetermined constants which are r e a d before the 
main body of data. 
The c o n c e n t r a t i o n of an element i n p.p.m. or percent w i l l be 
p r i n t e d by the programme when the appropriate c a l i b r a t i o n data are 
s u p p l i e d f o r t h a t element. The concentration i s c a l c u l a t e d from 
the chosen c o r r e c t e d i n t e n s i t y f u n c t i o n assuming a l i n e a r c a l i b r a t i o n . 
A q u a d r a t i c or higher-order c a l i b r a t i o n curve may be s u b s t i t u t e d by 
a simple m o d i f i c a t i o n of the programme, but t h i s p r a c t i c e i s r a r e l y 
necessary nor indeed a d v i s a b l e . Most t r a c e element c a l i b r a t i o n 
curves have an extended l i n e a r p o r t i o n which 1 a i l s o f f a t high con-
c e n t r a t i o n s , p a r t l y a s a r e s u l t of s e l f - a b s o r p t i o n . I t i s impossible 
to represent f a i t h f u l l y both the s t r a i g h t and curved p o r t i o n s of such 
a f u n c t i o n using a s i n g l e polynomial formula, and the w r i t e r b e l i e v e s 
t h a t the simple numerical methods upon which the programme i s based 
should be used only on the l i n e a r p a r t of the c a l i b r a t i o n . Accordingly 
169 
three numbers a r e r e q u i r e d by the programme f o r each element f o r 
which the concentrations a r e to be c a l c u l a t e d . T h i s need not 
n e c e s s a r i l y be every element i n the a n a l y t i c a l programme. These 
numbers a r e the slope f a c t o r , as c o n c e n t r a t i o n u n i t s per i n t e n s i t y 
u n i t , the lower c o n c e n t r a t i o n f o r which the slope f a c t o r i s a p p l i c -
a b l e , and the upper l i m i t , u s u a l l y t h a t a t which the departure from 
l i n e a r i t y becomes unacceptable. A blank space i s l e f t i n the con-
c e n t r a t i o n l i s t i n g f o r every element-determination l y i n g outside 
the appropriate l i m i t s ; i n such a case the concentration can be 
determined g r a p h i c a l l y . 
E r r o r messages a r e p r i n t e d out when a number exceeds the 
number of d i g i t s allowed f o r i t i n the output format, or when 
dummy data has been s u b s t i t u t e d f o r counts i n the input sequence. 
When the l a s t data item has been processed, the programme p r i n t s a 
— A _ A 
nominal d e t e c t i o n l i m i t f o r each element ( t h a t i s , 3/(B 2 ) or 3x(B 2 ) 
depending on the i n t e n s i t y f u n c t i o n used, where B i s the mean back-
ground-under -peak i n counts averaged over a l l the determinations 
processed. The number of a n a l y s e s processed i s a l s o recorded. 
Unless the c a l i b r a t i o n constants a r e known a t the outset i t i s 
necessary to run the programme twice f o r a given s e t of data. I n 
the f i r s t run the programme c a l c u l a t e s the i n t e n s i t y f u n c t i o n s upon 
which the c a l i b r a t i o n i s based, the c a l i b r a t i o n constants being 
r e p l a c e d by zeros with the r e s u l t that the concentration l i s t i n g i s 
suppressed. The c a l c u l a t i o n i s then repeated w i t h c a l i b r a t i o n data 
s u p p l i e d , when concentrations a r e p r i n t e d out. I t i s u s e f u l to 
s u b s t i t u t e the d e t e c t i o n l i m i t c a l c u l a t e d i n the f i r s t execution as 
the lower l i m i t of a p p l i c a b i l i t y of the c a l i b r a t i o n s u p p l i e d f o r 
the second run; i n t h i s way one avoids overlooking the s e n s i t i v i t y 
l i m i t of the a n a l y t i c a l method being used. 
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APPENDIX 4 
A PROCEDURE FOR ELIMINATING INTERMITTENT ELECTRONIC INTERFERENCE 
FROM X-RAY FLUORESCENCE SPECTROMETRIC DATA 
I n t r oduction 
The i n c r e a s i n g l o a d of e l e c t r i c a l equipment on the power 
s u p p l i e s t o many r e s e a r c h l a b o r a t o r i e s , and the crowded c o n d i t i o n s 
w i t h i n them, i n e v i t a b l y r e s u l t i n a high i n c i d e n c e of e l e c t r i c a l 
d i sturbance d e t e c t a b l e by s e n s i t i v e e l e c t r o n i c apparatus. X-ray 
f l u o r e s c e n c e equipment i s s u s c e p t i b l e to i n t e r f e r e n c e of t h i s k i n d , 
which may e i t h e r be generated i n the machine i t s e l f , for example 
by contaminated c o n t a c t s , or be d e r i v e d through the mains supply or 
e l e c t r o m a g n e t i c a l l y from other sources. Cost f a c t o r s and the i n t e r -
m i t tent nature of the dis t u r b a n c e s often make i t i m p r a c t i c a b l e to 
t r a c k them down and achieve a complete cure immediately. I n such 
cases the r e s p o n s i b i l i t y r e s t s w i t h the a n a l y s t to design procedures 
by which h i s r e s u l t s a r e e f f e c t i v e l y f r e e of t h i s i n t e r f e r e n c e . 
T h i s Appendix d e s c r i b e s a procedure designed to overcome 
d i f f i c u l t i e s of t h i s k i n d i n r o u t i n e X-ray f l u o r e s c e n c e spectrometry, 
and g i v e s d e t a i l s of the computer programme upon which the technique 
i s based. The approach i s extremely simple and the time taken i n 
using i t i s only m a r g i n a l l y greater than with conventional methods 
of counting. The method i s d i s c u s s e d i n terms of a fi x e d - t i m e 
counting s t r a t e g y , but i s e q u a l l y a p p l i c a b l e t o an a l y s e s u s i n g f i x e d 
count s. 
The Method 
I n any i n t e n s i t y measurement of i o n i s i n g r a d i a t i o n , the optimum 
counting time i s determined by the t h e o r e t i c a l p r e c i s i o n r e q u i r e d . 
Once t h i s has been decided, i t i s conventional to count for one 
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period of time equal to t h i s nominal counting time. R e p l i c a t e 
analy s e s u s i n g the same counting i n t e r v a l a r e w a s t e f u l of machine 
and operator time, u n l e s s r e p l i c a t i o n i s to a l l o w for specimen 
inhomogeneity i n which case the repeats are c a r r i e d out on s e p a r a t e 
specimen u n i t s . Where i n t e r m i t t e n t e l e c t r o n i c i n t e r f e r e n c e has to 
be t o l e r a t e d a t a l e v e l which makes r e p l i c a t i o n e s s e n t i a l , the most 
e f f i c i e n t s t r a t e g y i s to use a s h o r t e r counting period which i s 
repeated a f i x e d number of times such t h a t the t o t a l counting time 
approximates t o the c a l c u l a t e d optimum counting time. Through the 
a p p l i c a t i o n of t h i s procedure the a n a l y s t enjoys the b e n e f i t of 
r e p l i c a t i o n w h i l e s t i l l making the most e f f i c i e n t use of machine 
time. 
The procedure o u t l i n e d below has been designed for use with 
a s e q u e n t i a l multichannel XRF spectrometer, such as the P h i l i p s 
PW 1212. With t h i s equipment, i t i s simpler t o repeat complete 
c y c l e s r a t h e r than i n d i v i d u a l counts as one would on a manual machine. 
The method i s e q u a l l y a p p l i c a b l e to manual equipment, but the amount 
of operator p a r t i c i p a t i o n i s i n c r e a s e d s i g n i f i c a n t l y (though not 
operator t i m e ) . For such equipment, operators may p r e f e r to r e -
design the procedure t o s u i t t h e i r own requirements. 
Suppose that an a n a l y s t has c a l c u l a t e d t h a t a counting time of 
100 seconds i s s a t i s f a c t o r y f o r the determination of four elements 
A, B, C and D together with t h e i r backgrounds i n a given s e r i e s of 
samples, and that counting times of 10, 20, 40, 100 and 200 seconds 
are a v a i l a b l e with the equipment he i s u s i n g . Conventional p r a c t i c e 
would be to s w i t c h to a counting time of 100 seconds, run through 
the sequence of measurements once and, i f i n t e r f e r e n c e i s a n t i c i p a t e d , 
check the data by v i s u a l i n s p e c t i o n . The a l t e r n a t i v e o u t l i n e d here 
i s to s e t the counting time to 40 seconds and t o run through the 
172 
a n a l y t i c a l c y c l e e i t h e r two or t h r e e times.* On the P h i l i p s PW 1212 
equipment t h i s i s achieved by the u s i n g the " r e c y c l e " f a c i l i t y . The 
e f f e c t s of e l e c t r i c a l d i s turbances are r e v e a l e d as severe d i s c r e p -
a n c i e s between r e p l i c a t e s , and s e l f - c o n s i s t e n t readings can be assumed 
to be f r e e of i n t e r f e r e n c e . V i s u a l i n s p e c t i o n i s r e p l a c e d by computer 
scanning a g a i n s t c r i t e r i a of acceptance which can be o b j e c t i v e l y de-
f i n e d . I n the programme designed to do t h i s , s e l f c o n s i s t e n t r e p l i c a t e 
counts a r e added together, thus p r e s e r v i n g the fundamental r e l a t i o n -
s h i p between the number of counts recorded and the t h e o r e t i c a l p r e -
c i s i o n . Data not meeting t h e predetermined standard of acceptance 
a r e c l e a r l y i d e n t i f i e d i n the computer output, so t h a t a repeat 
a n a l y s i s can be c a r r i e d out. 
The Programme 
The programme ,COMPAREt, w r i t t e n i n Programming Language 1 
( P L - 1 ) , i s a v a i l a b l e to c a r r y out a l l the data handling requirements 
of the procedure o u t l i n e d above. A flow c h a r t of the programme i s 
shown i n F i g . A.3 and the data r e q u i r e d a r e l i s t e d i n the caption. 
The input procedure i s designed for P h i l i p s PW 1212 data, and w i l l 
r e q u i r e m o d i f i c a t i o n by u s e r s of other equipment. 
R e p l i c a t e determinations of the same v a r i a b l e are accepted by 
the programme i f they agree w i t h the f i r s t reading to w i t h i n ten 
times the square-root of i t s value ( i n counts) i n e i t h e r d i r e c t i o n . 
C o n s i d e r a t i o n of the theory of counting s t a t i s t i c s i n r a d i a t i o n 
* I n the example chosen, i t i s not p o s s i b l e to subdivide the counting 
time e x a c t l y by 2 or 3. I n choosing whether t o use two c y c l e s or 
three, there i s t h e r e f o r e a compromise between the opposing demands 
of p r e c i s i o n and machine time. I n n e i t h e r case a r e these demands 
a f f e c t e d g r e a t l y . 
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measurement shows t h a t the above l i m i t s w i l l encompass, w i t h 
99.99% confidence, the purel y s t a t i s t i c a l v a r i a t i o n about the 
f i r s t r eading, taking i t to be the mean of a l a r g e number of com-
parable determinations. Because the f i r s t reading d i f f e r s from the 
mean, the a c t u a l confidence l i m i t i s lower, but w i l l exceed 99.9%. 
With the counting r a t e s considered u s u a l i n X-ray f l u o r e s c e n c e 
spectrometry, even these apparently wide l i m i t s of acceptance permit 
r e j e c t i o n of q u i t e s m a l l b u r s t s of i n t e r f e r e n c e . 
Accepted data are added together ( g i v i n g the numba: of counts 
th a t would have been accumulated i f the d i s c r e t e counting i n t e r v a l s 
had been run cont i n u o u s l y ) and p r i n t e d out. A blank i s l e f t i n the 
output stream i n pl a c e of readings outside the l i m i t s of acceptance. 
For these samples the separate readings, t h e i r sum and the v a l u e of 
i 
1 0 x ( c o u n t s ) 2 are p r i n t e d out a t the s i d e . 
When a l l the data has been processed, a histogram of r e j e c t e d 
readings as a f u n c t i o n of channel number (PW 1212) i s p r i n t e d out. 
T h i s provides a u s e f u l r e c o r d of 20 -dependent n o i s e generated 
w i t h i n the appartus, u s u a l l y i n the 20 pu l s e - a t t e n u a t o r . The h i s t o -
gram a l s o s e r v e s as a summary l i s t of those specimens which need a 
repeat a n a l y s i s and i n d i c a t e s f or which elements t h i s i s necessary. 
A p p l i c a t i o n to Routine A n a l y s i s 
The procedure has been used i n the ro u t i n e a n a l y s i s of ro c k 
samples for major and t r a c e elements, using a P h i l i p s PW 1212 spec-
trometer. Although e x t r a earthed s c r e e n i n g has been f i t t e d to p a r t s 
of t h i s equipment to minimise a e r i a l pick-up, q u i t e severe spurious 
counting i s s t i l l experienced a t i r r e g u l a r i n t e r v a l s . Experience 
p o i n t s to a number of se p a r a t e sources of i n t e r f e r e n c e , some of i t 
o r i g i n a t i n g w i t h i n the spectrometer i t s e l f . I n a d d i t i o n , use of the 
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scheme has drawn a t t e n t i o n to unsuspected i n t e r m i t t e n t e r r o r s i n 
the p r i n t e r and i n the l o g i c c i r c u i t r y of the spectrometer. Only 
very s t r i n g e n t v i s u a l i n s p e c t i o n would r e v e a l e r r o r s of t h i s kind. 
The common b e l i e f t h a t v i s u a l examination w i l l b r i n g to l i g h t 
n e a r l y a l l i n s t a n c e s of i n t e r m i t t e n t i n t e r f e r e n c e i n a given s e t 
of data i s founded on the assumption that the e f f e c t s of i n d i v i d u a l 
surges i n every case exceed the t h r e s h o l d at which they become 
" v i s i b l e " i n output. Moreover the t h r e s h o l d has to assume very 
l a r g e proportions i n the peak i n t e n s i t i e s vary a t a l l widely i n 
the range of samples undergoing a n a l y s i s . Even l i m i t e d r o u t i n e 
a p p l i c a t i o n of the proposed scheme has shown t h a t by no means a l l 
i n s t a n c e s are obvious t o v i s u a l scanning; e r r o r s have q u i t e f r e -
quently been recorded a t l e s s than 10% of the t o t a l counts. The 
method o u t l i n e d above assumes only that e r r o r s begin a t a l e v e l 
where acceptable random v a r i a t i o n ceases. T h i s l e v e l i s determined 
by the a n a l y s t . Moreover the procedure r e v e a l s a l l s i g n i f i c a n t d i s -
turbances no matter how much peak i n t e n s i t i e s may vary from one 
sample t o another. I n the circumstances which obtain i n many a n a l -
y t i c a l l a b o r a t o r i e s the amount of time spent i n subdividing the p r e -
determined counting time and r e p e a t i n g substandard a n a l y s e s may be 
a s m a l l p r i c e to pay f o r the confidence t h a t the a n a l y s t gains i n 
h i s a n a l y s e s . 
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FIGURE A.3 Caption 
A s i m p l i f i e d flow chart of the programme ,CCMPARE* r e f e r r e d 
t o i n the t e x t . The v a r i a b l e s used are as f o l l o w s : 
TITLE: a c h a r a c t e r s t r i n g d e s c r i b i n g the data ( f o r 
u s e r 1 s r e f e r e n c e ) . 
MODE: the number of specimens per c y c l e (depending 
on whether a d r i f t monitor i s used). 
REP: the number of times the a n a l y t i c a l c y c l e i s 
run through ( 2 or 3, depending on the f a c t o r 
by which the counting time i s reduced). 
Nt the number of channels i n use. 
A: an a r r a y i n t o which the counts data i s f ed. 
P and SUM are in t e g e r v a r i a b l e s . For s i m p l i c i t y , the i n p u t / 
output of specimen i d e n t i f i e r s and the operation of o p t i o n a l 
punched card output have been omitted. 
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APPENDIX 5 
ASPECTS OF FACTOR ANALYSIS RELEVANT TO THE APPLICATIONS DISCUSSED 
Orthogonal and Oblique S o l u t i o n s 
F a c t o r a n a l y s i s i s a technique for e x t r a c t i n g the s a l i e n t 
c o r r e l a t i o n s e x i s t i n g i n a given s e t of data, c o n s i s t i n g of n 
observations ( i n the present a p p l i c a t i o n , chemical a n a l y s e s ) of 
v v a r i a b l e s (element concentrations and other chemical or m i n e r a l -
o g i c a l parameters). R-mode f a c t o r a n a l y s i s , the technique used i n 
t h i s work, c o n s i s t s of a s e r i e s of m a t r i x transformations c a r r i e d 
out on the square matrix made up of the i n t e r - v a r i a b l e c o r r e l a t i o n 
c o e f f i c i e n t s ; t h i s m a t r i x i s c a l l e d the c o r r e l a t i o n matrix.* I n 
geometric terms, the process may be regarded as the sy s t e m a t i c a n a l -
y s i s of the v a r i a n c e and covariance of the d i s t r i b u t i o n of the data-
points i n v-dimensional c o n c e n t r a t i o n space. The f a c t o r s ( s e e 
Chapter 2) a r e represented g e o m e t r i c a l l y by f a c t o r axes p a s s i n g 
through the c e n t r o i d of the point d i s t r i b u t i o n . Factor a n a l y s i s 
i n these terms c o n s i s t s of r o t a t i n g the axes t o a c o n f i g u r a t i o n i n 
which t h e i r r e l a t i o n s h i p t o the point d i s t r i b u t i o n i s optimised i n 
one r e s p e c t or another, and expressing each f a c t o r i n terms of a 
l i n e a r combination of element loadings ( s e e Chapter 2 ) . Various 
s o l u t i o n s a r e obtained according to the c r i t e r i a of r o t a t i o n employed. 
I n the s i m p l e s t s o l u t i o n s , the P r i n c i p a l Component and P r i n c i p a l 
F a c t o r S o l u t i o n s , the f a c t o r axes are orthogonal and the f a c t o r 
s t r u c t u r e i s r o t a t e d u n t i l each s u c c e s s i v e f a c t o r expresses the 
*The a l t e r n a t i v e approach, Q-mode f a c t o r a n a l y s i s , takes as i t s 
s t a r t i n g point the analogous m a t r i x of i n t e r - o b s e r v a t i o n ( i n t e r -
specimen) c o r r e l a t i o n c o e f f i c i e n t s . 
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maximum p o s s i b l e f r a c t i o n of the t o t a l v a r i a n c e . The Varimax 
S o l u t i o n (Kaiser,1958) i s another orthogonal s o l u t i o n , but the 
c r i t e r i o n a p p l i e d i n t h i s c ase i s that the loadings on the f a c t o r 
axes should tend t o u n i t y or zero; i n other words, the optimum 
s o l u t i o n i s reached when the f a c t o r axes l i e as close as p o s s i b l e 
t o the major concentrations of data points i n v-dimensional con-
c e n t r a t i o n space. 
The P r i n c i p a l F a c t o r S o l u t i o n produces a r e p r e s e n t a t i o n of 
the point d i s t r i b u t i o n which i s often d i f f i c u l t to r e l a t e t o 
p h y s i c a l r e a l i t y ( C a t t e l l , 1965). Consequently i t s a p p l i c a t i o n 
i n R-mode f a c t o r a n a l y s i s i s d e c l i n i n g , although Le Maitre (1968 ) 
has i l l u s t r a t e d i t s v a l u e as a p o s i t i o n parameter f o r v a r i a t i o n 
diagrams. The Varimax S o l u t i o n , i n re c o g n i s i n g a s s o c i a t i o n s between 
v a r i a b l e s , produces f a c t o r s which are more r e a d i l y equated w i t h 
p h y s i c a l and chemical i n f l u e n c e s and i s widely accepted as the most 
s a t i s f a c t o r y orthogonal s o l u t i o n . I f the f a c t o r s a r e c o n s t r a i n e d 
to a mutually perpendicular r e l a t i o n s h i p , however, ther e i s no way 
i n which any c o r r e l a t i o n which may e x i s t between the p h y s i c a l 
c o n t r o l s can be made apparent. Consequently c o n s i d e r a b l e progress 
has been made i n re c e n t y e a r s following the development of oblique 
s o l u t i o n methods of fa c t o r a n a l y s i s . I n these s o l u t i o n s , the 
orthogonality of f a c t o r axes i s r e l a x e d , and i n t e r - f a c t o r c o r r e l a t i o n 
i s taken i n t o account. Oblique s o l u t i o n s r e f l e c t the i n t e r - r e l a t i o n -
s h i p s among geochemical processes more a c c u r a t e l y than orthogonal 
s o l u t i o n s (Spencer e t a l . . 1967) 
Of the va r i o u s oblique s o l u t i o n s a v a i l a b l e , the Promax S o l u t i o n 
(Hendrickson and White, 1964) i s the s i m p l e s t to compute, and t h i s 
has been used for the p a t t e r n s d e s c r i b e d i n Chapters 2 and 5, and 6. 
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The aim i s the achievement of maximum contrast i n factor loadings 
i n a similar manner to the Varimax Solution. 
Choice of an Appropriate Promax Solution 
The Promax approach to the oblique solution problem begins 
with the calculation of the Varimax solution described above. A 
se r i e s of solutions with progressively greater degrees of departure 
from orthogonality i s calculated from the Varimax solution, each 
oblique solution being represented by a value of the integer k. 
I t i s assumed i n the Promax approach that the object of rotation 
to the optimum oblique solution i s to produce a factor pattern of 
higher contrast; that i s to say, the high loadings i n the Varimax 
solution should become higher i n the oblique solution, while the 
small loadings are reduced. The controlled Promax rotation of the 
axes may be expressed, i n simple terms, as r a i s i n g the Varimax pattern 
to successively higher powers of the loadings, and allowing the axes 
of the oblique solution to rotate u n t i l there i s a b e s t - f i t between 
the factor solution obtained and the Varimax-generated " i d e a l " pattern 
The integer k i s the power to which the Varimax pattern i s raised. 
The i d e n t i f i c a t i o n of the most appropriate of the available 
Promax solutions i s given l i t t l e attention by the authors responsible, 
Hendrickson and White (1964). I n the present work, the "simple-
structure" c r i t e r i o n has been applied i n making t h i s choice. As the 
factor axes are rotated the number of s a l i e n t loadings* varies. 
*A loading with an absolute value greater than 0.3 indicates that the 
factor concerned accounts for more than 10% of the variance of the 
variable to which the loading applies. Such a loading i s referred 
to as " s a l i e n t " or " s i g n i f i c a n t " . Variables whose loadings l i e below 
th i s l i m i t are regarded as making no si g n i f i c a n t contribution to the 
factor. 4 1 tk 
I n t u i t i v e l y , there i s a high probability that the underlying 
physical influences which factor analysis i s designed to identify 
each involve r e l a t i v e l y few of the available variables ( C a t t e l l 1965a, 
p.207). I f t h i s hypothesis i s correct, the best solution to take to 
represent a given situation i s that in which the various factors 
each involve the smallest number of s i g n i f i c a n t loadings. Thus, i f 
one plots the number of loadings as a function of k for a given set 
of solutions, the point where the aggregate reaches a minimum and 
beyond which there i s no further decline i n the number of loadings 
indicates the preferred value of k. I n practice, as shown by the 
example i n Fig. A.4, the distribution i s shallow and the minimum 
i s i l l - d e f i n e d . I n the absence of a more satis f a c t o r y c r i t e r i o n , 
the value k=3 has been found by t h i s means to be most suitable for 
a l l the solutions discussed. 
Representation of Solutions 
The Promax pattern matrices of the several solutions discussed 
i n Parts I and I I of t h i s thesis are tabulated, together with the 
inter-factor correlations and the factor scores, i n Tables A.2 to A.6. 
Interpretation of the factor pattern i s easier when the pattern matrix 
i s shown diagrammatically. Therefore the solutions are shown i n the 
main part of the thesis i n the form of box-diagrams. These consist 
of a s e r i e s of boxes representing the individual factors. Each box 
i s divided into positive and negative f i e l d s , and the variable names 
are entered i n the box i n positions r e f l e c t i n g the r e l a t i v e magnitude 
of the loadings. Thus a variable with a strong positive loading, for 
example, appears at the extreme top of the positive f i e l d , whereas 
a weak negative loading i s placed at the upper end of the negative 
f i e l d , near to the zero-line. 
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FIGURE A.4 
Variation i n the number of s a l i e n t loadings with different f a c t o r -
a n a l y t i c a l solutions, using the Lower Series foyaites as an example. 
The solutions represented are the Prin c i p a l Component Solution (PCS), 
the Varimax Solution (V) and the Promax Solution with k varying from 
2 to 8 (P2, P3 P8). 
A l l factors except 1 and 5 have their minimum numbers of loadings 
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Table A.3c. Factor scores 
Table A.3a. 
of the solution shown i n 
1 2 
27002 0.307 -0.033 
27005 0.598 -1.977 
27035 0.425 -0.412 
27074 -2.134 -0.943 
27077 -1.419 -0.037 
27140 -1.626 -0.985 
27141 -1.381 0.676 
27142 -0.107 0.352 
27143 -3.378 -0.778 
27154 -1.580 0.980 
27157 -0.030 0.087 
27158 -0.238 0.108 
27181U -0.323 -0.963 
27185 0.054 -1.693 
27194 0.709 -0.121 
27205 0.661 -0.602 
27207 1.245 -0.720 
27209 -0.003 0.051 
27221 0.463 -0.878 
27227 0.559 -0.434 
27228* -0.069 -0.817 
39706A -1.643 0.274 
39706B -1.121 0.557 
39736A -2.610 -1.356 
39749 -0.084 0.955 
39759 1.571 -1.670 
58315 0.851 -1.272 
126710 0.146 -2.149 
126710 0.471 -0.228 
126727 1.578 0.711 
27108 0.363 -0.978 
27165B 0.240 2.635 
27181L 0.250 0.497 
27182 0.276 0.373 
27186 0.070 1.685 
27192 1.175 0.492 
27254 0.332 1.250 
27261 0.280 0.265 
126711 1.383 0.115 
27046 1.136 0.991 
27107 0.251 0.118 
27179 -0.322 1.249 
27181M 0.575 1.955 
27193 0.260 0.741 
27259 0.149 0.448 
39736B 1.103 -0.107 
126708 0.587 1.588 
3 4 5 
0.947 -0.966 -0.214 
0.762 -0.776 -0.123 
0.651 -0.521 -0.396 
-0.694 2.494 -0.278 
1.795 -0.135 -0.486 
0.008 0.247 0.253 
0.597 -0.631 -0.608 
0.819 -0.977 0.033 
0.161 -0.247 -1.398 
0.080 -1.521 -0.662 
1.523 -0.643 -0.648 
1.306 -0.683 -0.952 
-1.297 1.198 -0.364 
-1.459 0.555 -1.378 
0.440 -0.041 -0.018 
-0.953 0.075 -0.175 
0.983 0.118 -0.413 
0.834 -0.503 -0.659 
0.310 1.908 -0.752 
0.617 1.213 -0.430 
0.376 -0.364 -0.711 
-0.506 -0.825 -0.513 
0.320 -1.245 -0.660 
-1.075 -0.791 -1.371 
0.759 -0.528 -0.489 
0.374 -0.912 -0.373 
0.294 0.015 -0.744 
-1.233 -0.003 -1.124 
-0.520 -0.542 -0.132 
1. 229 -0.484 -0.593 
-0.582 2.002 1.164 
0.452 1.501 -0.635 
-1.309 0.065 0.511 
-1.065 0.270 0.416 
0.153 1.765 -1.595 
-0.984 -0.980 0.875 
0.201 0.873 0.868 
-0.640 2.072 0.583 
0.911 0.665 0.907 
0.911 1.354 1.393 
-1.595 0.944 1.102 
-1.028 -0.328 1.574 
-0.063 -0.888 1.944 
2.407 -2.337 3.429 
-1.487 -0.488 1.324 
-2.809 -1.332 0.952 
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Table A.5a. Promax oblique pattern matrix (k=3) for the 
well-preserved phonolite dykes, omitting the 
potash-poor specimens 27058 and 27151. 
1 2 3 4 5 6 
Si0„ 2 -0.047 0.273 0.376 0.421 0.327 0.434 
Al 0„ 2 3 0.136 0.298 0.122 -0.097 0.111 0.818 
Fe 0 2 3 -0.162 0.156 -0.907 0.169 -0.115 -0.110 
FeO -0.160 -0.019 0.638 -0.053 -0.096 -0.740 
MgO -0.163 -0.010 -0.138 -0.061 0.113 -0.926 
CaO -0.122 -0.057 -0.089 -0.045 -0.674 -0.445 
Na 20 0.120 -0.083 -0.029 0.014 0.574 0.552 
K2° 0.172 0.162 0.185 0.273 -0.684 -0.452 
H20 -0.037 0.050 -0.056 -0.436 -0.200 0.839 
c o 2 -0.042 -0.909 0.188 0.326 0.076 -0.159 
T i 0 2 -0.070 -0.093 0.054 -0.132 0.154 -0.895 
MnO 0.053 -0.350 -0.214 0.875 0.280 -0.133 
P 0 2 5 -0.882 0.105 0.055 -0.188 0.004 -0.195 
Ba -0.092 0.082 0.015 -0.072 -0.020 -0.931 
Nb -0.185 -0.201 0.287 -0.093 0.438 0.649 
Zr 0.O42 0.016 -0.095 0.031 0.952 0.069 
Y -0.012 0.165 -0.016 -0.944 0.399 -0.149 
Sr -0.450 0.372 0.108 -0.052 -0.421 -0.280 
Rb 0.824 0.314 0.254 -0.164 -0.028 0.140 
Th 0.064 0.374 -0.544 -0.197 0.812 -0.230 
Pb -0.144 -0.242 0.176 -0.048 0.880 0.061 
Zn -0.237 0.180 0.121 0.074 0.592 0.594 
La -0.098 -0.103 -0.089 -0.321 -0.930 0.435 
CI 0.299 -0.252 0.350 -0.348 0.614 -0.283 
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APPENDIX 6 ANALYTICAL DATA 
TABLE A.7 
Major element analyses of nepheline syenites, phonolites, 
lamprophyres and trachytes from the Grirfnnedal-Ika alkaline 
complex, South Greenland, together with means, standard 
deviations ("S.D.") and minimum and maximum values. Analyses 
of specimen numbers marked with an a s t e r i s k were carried out 
i n the laboratories of the Greenland Geological Survey i n 
Copenhagen (Watt 1966, Borgen 1967). In the case of the well 
preserved phonolites and the lamprophyres, the symbol "+»' i s 
used to indicate a l t e r a t i o n (of nepheline to gieseckite/cancrinite, 
and of feromagnesian minerals to c h l o r i t e r e s p e c t i v e l y ) . 
Syenites 
A. Coarse-Grained Brown Syenite 
B. Foyaites of the Lower Series 
C. Granular Syenites 
D. Feldspathic syenites from the gneiss r a f t 
E. Upper Series syenites 
F. Coarse-Grained Syenite 
G. Xenolithic Porphyritic Syenite 
H. Syenite Dykes 
Dykes 
I . Relatively fresh phonolites 




t CO IT: NO si- I - I •—! r~ o <• m 00 f t 
X in i—< i—i 00 's- i—i ro CM CM o o 
< 
in o O f-CM 
I T CM o O o cc •d- o o o 
• CC O f- in cc i—1 oo in CM m f t o f t 
Z in o m LT, a o o IT. O O o o 
2 O o o r H o o o s j - I T r - l O o o 
IT. CM 
• in m IT. a C " a CM CO •—< CO 00 o 
G o o o CM a- re- O I - I f* CM > t o m o 




















z in CM o <* «o rn NO in r-l sO vt- 1—1 o 
< r a i—1 i-H m m r-1 >—> •—• O r- I d O o o 
U-i 
s. CO o o •3- en CM O o o -c in CM o O o o 
in CM 
o CO o f- «o oc .i—l 00 r- r«i >0 in f t 
cr in f—« o ct in a o o vD o CM o o o in 
CO 
o o o r- #—< o o O cc. ir c o o f t 
m in (M o 
1—1 
m rn r- m >t vO r~ m c f t *t oc r-l o 
r- in r—1 o rr \ sr cr r-l f t a CM «G o o r~ 
CM 
r- sO o o ?—>. in. i—• c o o i—i o o o a-
CM in CM a> 
re, 1—1 in o Q r-l in r- i cc CM r-j •—i r r , o 1—1 
CM r - r-1 00 >o •—« in o- CC c c o r H 
. - i 
r- >t c o m CM c o o m 1-1 c o o or. 
CM in CM . ^ 
m rn 
CM CM CM c c o + in < o C CM CM O o o c CM C c O CM l-
fa-* »—4 c t r J LU UJ z e < < CM CM CM c o oo M < LL U - s : o z S£ X a u oo I— 
198 
• sr l - t in in ( M CM o CO in CM in r- f-i ro o o sr r- I-H r—1 I—1 cc in o CM o 
X sT o o t\i o o O r-H r- ro o o O o 
ST r-t 
• CM r- Sf o CO >© CM cc m sT sr rrH o 1—1 
o in O o r-H ro l-H CM cc- co co o ro o 
CM o o CM r-i CM o O i—* o o o o o o 
i-H t-H SO CM IT. cr in CO in CO r-H r-H 
< 
11 1 
r o i—i 1-1 r o CM ST <M s f cr o cr <—i r - o 
U-J 





























cr O O CM r o CO O o CM O sr o O O o 





































o o SO 
1—1 




























o o o 
CM 







CM m sr cc in a r-H sr CM CM OC ro CO cr cr i-H 
f~ >C o o sr oc CM r- ro sO Sv r-< m o in 
CM 
r- i—i o o ro sr o o O i—i cr in r-H o i—i o o 
CM in CM o 
r-i 
cc oc r-H ro r- o I T CM cr r-l in in o r—i i—i 
so o i—* r-H CM p- in CM CO r-l cr i—l CM CM in o CM 
CM 
r- r—1 o c CM CM O O CM cr in r-H O o o O 
CM in CM O 
h- i—i sr CM c r o 00 in CM CM sr m m r o r-l »c 
<s r-H r-H r-H O sr in CM in r - 00 «o CM r o cr o 00 
CM 
o r - o o . O o sr sr O O r o cc sr r -J • o o o cr 
oc CM in CM cr 
o 
# 
cr in sr a r o h - r-H ro r~ CO CM r o co in in r o 
• m r o r-H r—1 sr m. r f - oc sr r~ CM p so o cc 
r-i 
I U r - o o o c sr r o O o r o cr sr —» Q O o cr 
1—1 CM in CM cr 
ct 
LU 
l/) o r- •c sr r-H in in CM, CM o cr •—« o in o r-H 00 
CO in o o CM sr r - r-i •—1 r o -G O in o «o 
LL- r~ m o o sr CM o o o n H o m. r-l O o o o 
CM m CM i-H o 
o 1-H 
, * < oc o c o cc CC r f . sr CM cr a r—t IT. o CM r-H CM 
1—' m 1-H r o sr r—1 r o CM cc m O CM o cr 
X r-l 




O o CM 
CM 




r r . sr CM <r CO cc- cc o CM —•1 00 (f^ CM r—* cc r-H o 
LU O i—i i—< c CO r o cr CM r o sr r - cr r~ CM r - o sr 
h - r-H 
r - r- o o o CM r o CM O o CM O sr o O o o cr 
< C\i in CM r-H cr > 
c 




C o + in A
L 
C c o CM CM c D O c CM o c C CM h-














X r- o o r—! OC O CD er- CO m cr 
U J <r i r m _ CM I T O ir o s t i r r r i r r O 
t— s; 









o o + IT. 
O O C- CM CM o c . o c CM o o C CM 
» a: UJ LU z o <t <t CM CM CM c 




• o- >-< ro co r - I T sf r-4 r\i sf 1-4 -o a r>4 
X f - f—< i—i oc CM o o cc o oc o 
< SI m 
I P 
o o r v 
CM 
co O o CM 0* i—i o o o 
• ro a •—* r - CO i—4 o- St r-4 O i n r -
o o o 00 Sf f 4 o •—I CM i n OC. o «-4 o 
rr> o o a 1—4 o o f- O o o o 
IT. —i 
• r-4 r r . O • m o o «o a t—i r-4 o 
c m o C CM m r - o 00 sf sf O CO o 
















































o o r-4 
CM 
































o o i—4 
CM 































i n o o o 
CM 
ro CM o o CM r - >c r—1 o o o CM 
o 
CT OC r-4 s0 r~ ro •-4 0 ' sf Sf r-4 i n r - f"-i 






o o <M 
CM 
CM •-4 o o i—1 o- MO i-H o o o 
U . 
c 
sr o a- CO r-4 m. in. sf CM rM sf oc ( \ j >e r - r - l 
LU CM o o r - l 00 IT . i—i CM CM *o m oc oc o i n o 
r - •—1 
r-1 sf o o Ch ro CO O O CM 00 ITi o o o o 
< CM m 1—1 
LL ro ro 
CM CM CM C D c m. 
O O c CM CM O o c o CM c c C rM 





• O s f o CM i n cr m vC m o s f v t r H o 
z i n r—1 O CM 00 o • — I i n r n m o I—1 o o 
« 
CM o O r- r—4 I—I o o o i n IT. o o o o o 
i n r H 
• O i n s f o oc s f cc CM m s f m o r H CM o o 
c m O o i n ro o c | H r H r - i n i n o o o 
oo r H o o <—> r - l • — I o o r H o o o o o o o 
z o o o 00 m ro CM r H CM CO CM SO r H i H o 
< I 00 r H r - l o r - l r-4 CM cn o ro. I—1 rn o r - o o 
uu 





















r> CM r H O m O O s O r H C M s O r H C M r O O r ^ - O 00 
NO • • 
C M O O O O r H r c O O O c o s C O O O O 
r H m r H fj> 
m 
r H i n c M « G C M r H c j * a - r * - c M v O ' O i n o o i n r H 
r ^ v O C M O v O h - s T r H m r r x i r . i n i n o so O O 
SO » • • 
C M » t O O 0 ^ C M m O O ' - ' r > - - v 0 r H Q r H O o 
r H i n r H O 
- rH 
r^i CT1 O <r rn o o <f I T m. O oc o oo »—* CM 
C M i n c M r H C M s i - m c M s i - i n c M c r . o o o o 
r - • • » • o- c M O O t r m m c o c M p ^ - m r H o o o o 
m m r H o 
rH 
s j - s T v C - c M f c M i n r * - r r | i n sf- rn o m so i— co 
r - m • - H r H c r c M O ' C M r n N t o o C r - ' O O ' o <J 
CM • . . 
f - * O O 0 » i n C M O O < M < C « C » - ' O O O o 
CM IT, H O 
r H 
c M C c r > i n ^ f ^ O v j - r H « £ i c M i n i n . s C C M r H r - j 
v C O r H r H C M C M O r r i n C T O r n r H O r ^ O o 
CM • • . . . . . . . . 
m o o . h-' if^ m- o o ^ m. »-» o o o o 
CM i n rH o 
c M s f c x ' t n r ^ s r s f c M O r H s f - s f s O i n r r r H cc 
O C E r H . r H i n m r n r o > t c M ' C M i n o > 0 0 o o <? 
C M . • 
r - r r \ O O 0 C i n > j - o o r n r - L r ! r H C O o r H 
CM IT. rH O 
f rH 
r~ s f st- sr o CM m cr- m m s t oc sr m •-< o 
CM co tM o I s - o\ m o s f i n . o ^ f r i — ' O i f i o s f 
r - l . . . # • • • » • • • • • • * . 
r - - m o o ' - < f X J M O O C r ~ - s 0 r H . o o o o 
CM i n CM O 
r H 
v o a o o « c c c M C T C > s i - ' - - 4 c o c M u n i n s r r H m 
( \ , r - i i — O . C C O C M — i c M s f m o c M O - ^ o m 
^ H . . . . . . . . . . . . . . . . 
r ^ v C O O O s f C M O O i - ^ r ^ r ^ — i p O O r n 
CM i n CM o 
rH 
C M O O r r . o i n c X r H s r o c o s O r f t s o r - i n r H m. 
C ^ i n r - l r H r H » J ' r H C M C \ . l s C S 0 r H r - - O S f O 0C 
o . 
r - r n o o — i m c M o o c M i n s O r H o o o r H 
CM i f . CM O 
r H 
o s f o o r n i n u " ' v 0 r n r ^ r * - v 0 O v 0 s 0 r H cj> 
( j S ^ 1 _ J r H r H i - H > 0 " - r H r f l . r H r - t T ' O r N j O O 
o . 
f - m o o c M m r H o C r H a s O o o o o o 
CM m CM o 
U- rn rn - J 
CM CM CM o P o + i n < C o o CM CM C D c c CM c c D CM K 
r— *— a - J LU LU Z e «s < ' CM CM • CM O - C 














X o- r r . cr 0 r \ i cc CC IT. ( \ j 
UJ < CM CM t—< •4- 0 r r . IT. er 1—' O a- 0 c 
1 - ST 
O O O CM ITi I T O O co CO h~ #-* 0 >-t 0 
< ITi CM 
> 
o 
u. cn m - J CM CM C O c + m 
c c C fM CM c c c c CM C C 0 CM 
• a: _ J UJ UJ 2 0 < <r CM CM CM C CO r - < u. U- 2: 2 : 0 2 v : X O. O to 
203 
• f - i •—I co cc r - O CM i n •—1 cr i n CM m. 0 
X r - m 1—" 00 sr CM CM i n so co ro -0 0 SO 0 0 
< ST f M 0 0 »-i so SO O 0 0 r- cc 0 O O 0 
«0 CM 
• ST cc 1-1 CT SO ro ST CM •—1 O CO <r 0 CO 1—1 0 
2 co 0 0 r*- r - CM O O 0 «o • - I co O CM O 0 
i n O 0 0 r - l O O 0 sr r~- O 0 O O 0 
10 r - i 
» i-* sr r - cr so •—1 r - CC sr O CM sr CM 0 
o r - J 0 cr 0 O CM CM CO si- i n O r-l O 0 
O 0 0 <-( r-H O O O 0 O 0 O O O 0 
•z. IT. IT. sr CM SO sr CM P—i cr cr a CO O CM 0 
< CM CM 0 co 0 0 1—« ro cr r - 0 O m O 0 UJ 
2 : 00 O 0 0 CM f O O O O i n r - •—1 O 0 O 0 
i n CM 
0 CM CM CO CM cr co CC 00 ITi 0 cr I T CO i - i so 
r - co CO 0 cr 0 cr p—t sr u- so r-1 so O CM O i n 
fM 00 O 0 0- m c- O O O sr 00 1—) O 0 O i - l 
r H IT. P-< 0 
!-< 
O ST SO 00 cc O St" CM CM cr CO O *—t a I - l CO 
co co O 00 sr m •—' i n O sr I - l sr O cv 0 so 
r~ I T 0 O cr O CM O O O m r - i-( O 0 0 cr 
CM m 1—H c > 
•—« 
00 SO CM —1 so O i n IT cr 00 O 1—1 CM i n 
0. so op CM i-H 0 r~ O CM O so i n co O sD 0 r o 
I - l 
O r~ cc O O 0 O CO O 0 O SO r - • — i O O 0 O 
oc CM m CM 0 
•» 
r—i 
r - O CO 1—1 O so r - O cr O r - i n CO O O m i n 
• CO so m O r-- 0 CM CM sr r - l so 1—1 CM O CO 0 CM 
t o 1— i 
UJ IV i n 0 O 00 CMi O O 0 O m co f « O 0 O cr 
»—t CM i n 1—1 cr 
cc 
UJ 
IS) s3 •—1 1—1 CM cr CM r - vO CM CO CM r~i •4- sr i n r-l 0 
CO r - i - i O r - r - sj- O O sf CM CO co 0 i n O cc 
IX. •—1 
UJ r~ CM 0 O 0 r->. p - i O O 0 SO CO O 0 0 O CM 
2 f M SO CM O 
D r—1 
_J 
*C CO O or. t—1 CO CO sr ef si- sr IT a sr 1—< 00 
UJ CO OC O O cc cr CM O 0 sr sr sf C; CO O 0 
X I - l 






1—1 r—\ c 0 0 r~~ r- c 0 0 O CM 
O 
u . r - l 
c 
oc co 0 CM CO cr sf r - r—» IT. 00 0 sr 0 r-t •—I 
UJ oc r - l CO O cr s0 1—' I-J CO SO a r—1 0 f O O SO 
r - 0 
r - 0 O 0 sr CM 0 0 O i n r-l 0 O C O 
< l CM i n f M O 
> - r - l 
c 
u. 




C O + t n A
L 
c c C CM CM C O c c CM 0 c c CM r -
« t—> »—1 OL _J u.> UJ z 0 < < CM CM CM c C 
cc t o r - <. UL I L T. s : 0 z X. X a. 0 t o r -
204 
• 0 O CO r - 00 i n r - i n 0 so i n 0 sr r~ r-H 
X 
«#*r 
r~ ro r-< 00 00 ro 0 r-t O i n 0 sr O 
5 : vT O O ro m sr 0 0 r - CM r~ l-H CM l-H O 
m CM r-H 
• sr r-H ro 0 O cr O I s - O l-H O i n ro r-H O 
z CT r—1 0 CM i n CM 1—1 ro CM i-H I—( CO 0 r-4 O O 
2 : O 0 CO CM CM 0 O i—1 r~ sr 0 0 O O O 
sr r H 
• CM i n r - sr cr sO —H O 0 1—1 vO CM sr O O 
0 O O 0 sr i—i O •-H co -0 r-H CM «0 sr O O 













































































s r O 0 O ro ro 0 0 CM r - 0 l-H O r-H O r-H 
m CM r - i n m CO 0 CM SO 00 O CM O cr S f l-H a 
CM 00 r-H r-H r - CO r - CO i n so CM sT sr r o O O sr 
r -
cr cr O O 0 m r o 0 0 r o cr sr i-H O r-H O r - i r o sr I M O 
i-H 
r-H 0 l-H 00 cr cr s f r - i n r - sr r-H r o i n CM • •—1 so 
r - r~ r-H r-H m r - cr r o so i-H cr CM s f O CO O cr 
CM 
r - r-H O O O i n r o O O Sf r - S f r-H O 0 O r-H 
CM i n CM O 
l-H 
O CO SO CO sr SO ro co m r~ 00 CO CM CM Sf r-H i n 
r - r - rM 0 r~ m so CM sr sr r o sr O CM r o O so 
CM 
r ~ i-H 0 0 i-H CM r o 0 0 r-H 00 SO r-H O O O CO 
CM i n CM cr 
ro r—4 CM 00 r~ CM r-H CO r o SO l-H cr CM r o r-H cr 
O r - r-H u cr 0 SO CM m 00 r - r o i n CM i n O r o 
CM 
r - CM O 0 r-H sr • CM O 0 l-H 00 i n r-H O O O O 
rM m CM O 
r-H 
CM i n vO r— O r - cr r—i so so CM i n O O 00 i-H cr 
CM cr r o O i-H cr CM i n cr CM 0 CO ro r o O -0 
r - CM O O r-H CM r o O 0 l-H r - r - 0 O O O cr 
CM m CM cr 
r-H sr ro O r - sr O cr 0 r - l-H i-H CO cr ro 1—* ro 
1 cr cr CM CM 00 CM i-H ro CM m i—l m r-H r-H 0 00 
O r - r-H O CO ro ro CM O c r-H ir so i-H O O 0 O 
CM i n CM O 
r-H 
LU i n sr i n cr r— O SO sr cr CO SJ 1—1 CM CO r - •—1 r~ 
t~ cr cr i-H O CM O l-H CM sr sr l-H l-H i n O sr 0 r-H 
(—1 0 
Z r - r - O CO CM sr CO c 0 CM CM sr r-H O 1—* 0 O 
UJ CM sr CM l-H C 
> i-H IS) 
ro cr CM CM O sr m s f r-H C 00 CM sr 0 r-H sr 
cc. cr r~ i-H i-H CM r~ Sf ro SO O r-H r - i n 0 sr O ro 
< 0 _J r - cr O O CO sr Sf O O r - r - sr 1—1 CM 0 O r-H 
z> CM s f r-H O z r H 
<t 
cc ro ro _J 
CO CM CM CM a a a + i n <r O O a CM CM a O O 0 CM 0 c O CM i _ 
• r-H —H cc _ i LU LU z < < CM CM CM 0 O CJ t o r - NJ <t UL UL 2 ; s r 0 z X a 0 OO K 
t >o CO i n co ro i n o r H c r H CM CM i n i n o 
X o s r CM sT ro r-4 s f 00 CO CM O CM 00 c o 
i n o o co m o o s f oo m CM O o o o 
• ro r ~ i n s r CM <r ro 00 00 r - o o 00 o rH 
z r—4 i—i CM r ~ CM CM CM CM o s r o 
2 : a o o s0 O o o O f—4 p - s r >-H o o o 
• ro i n s r o ro r - co CM r - CM 
a ro r-4 o r - s r cr- I—1 CM sT <r o s r o c—1 C 






































o O r ~ 
i-H 
CM o o CM r- s r CM O o o o 
o O v O C T - i n a > r H r r \ f - ( » o o o o s r r ^ o o r H c c 
r - r - i s r i - H s r s r s r f v r - i n c N i c r r - i r - i s r o i n . . . . . . . . . . . . . . . . 
r M s r o o o c - o — t O O C M c o s r r M o o o o 
r-i i n r - i o 
(M 00 ro r- 00 00 ro i n r - r - l r- o O 00 f—1 o 
1 a - 1—4 CM r-4 ro i—i s r i n 00 CM 1—1 vO o s f a s f 
oo oc 
CD f- i 0 - o o r~ cr- i n o c_> s r r ~ s r r-4 o c o i-H 
ro s r i—4 O 
i—4 
UJ O •> r—4 m <J s r sf oo ac 00 CT' r—4 CM cr- •c r—4 r -
r - O o sr CM rrs 00 r- CM CM CM r-4 O O O s f o <r 
r—4 i—4 
z r - i n o o 00 r - o O C j r H CO i n CM o o o i—i 
CM i n r-4 o 
>- r—1 00 •M-
a r> ST i n s r CM co vC o CO oc o CM CM i n i n 
OC 0> m s r r H CM CP rM oo m s f cr- CM 00 o i n 
<l o _ l r- s r o o <£> r H o o CM r~ s r CM O o o 
CM i n r H 
Z 
<l 
at ro ro r J 
CM CM CM o a a + i n < o O a CM CM o o a O CM a Q D CM 1— 
• 1—1 r-4 - J UJ UJ z o < < CM CM CM c o o oo r— rv j < u. u. s : Z i d X a 00 r -
206 
CM r - CM Or- r - CO o i n r - co CM *c co t—4 c 
CM cr r-4 r - i r CO r ~ l r - •—< cr O o o o o 
<t 
i n o o cr SO r - o O i—• r - m O o o o o 
f - i •-4 
U -
< • co r o c v co CM i—< sr o SO CC r-4 r - l m (Ni r - l o a 2 sD o O o CO r\> o o sr SO •0 O o o o o 
OO as: r - o o <r r-4 o o o o IT. <r o o o o. o 
00 sr t—4 
r-4 
at 
z • sr so r~ r - r o (M IT. m r - l i n r~ r - l r - l r - l o o 
Q sr SO o O sr sr CM •—4 o cr o o o o o 
U J 00 CM o o ST o "< > IT, O o o r - l O o o O o o 
X r - l 
t -
sr Z m o r - •—4 cr CM <r o CV cr- •—4 m cv 4—1 c 
c <. <r i n o cr- r-1 o CV o r-4 sr CM o o o o o cc U J 







LLi r-- ro r- ro r - 00 o cr i n CC r-4 CV IT- CM _ r r 
> co SO cr r-4 O IT , CC sr r - so s: o c O o cr 00 o 
r - r - o o sT SO f » o o r-4 m sr o o o o cr 
u CM <r r-4 I—4 cr 
X 
t~ i n r \ j ro CM cr CM <r o SO r - oc SO CO, r-4 IT . 
<r 00 CM o O r~ CO CV o o sr cr c- o O o oo 
o. O 
00 r - i n o o cr !—1 o o o o r - i n o a O o o o M SO r - l o 
_ ) i—i 
U J 
ro ro - j 
CM <\i CNJ C O O + i n < c c o ro CM C o c c ( V O c c CM • 4—4 r— —i U J U J z o < < CM CV CM O o o oo M <r U . U . sr ;? 2 X CL o 00 
207 
t—1 er m cr t—4 o cr cr i n CT CO O i n cr r—1 
00 ro o I P i—' I T 1—4 ro 00 r -4 00 s f CSJ Sf c 
e'- sr o o CM <t r -4 o o r—1 oo m 1—4 o o o 
N r . M o 
CC o s f CC s r OC I s - r o CT v<0 o cc i n s f r - l CO 
m oc CM o r o 1—4 00 r -4 r o i n I T cr CM o i n o cr 
r~ s f o o i - i CM CM o o O 00 i n i—l o o o CO 
CM I P CM cr 
I s - r - s f cr r - i n oo o o s r s f i n i n i n 1-4 o 
m s f CO c CM Cr 00 1—4 SO NC o o c i n 
r ~ s f o C r -4 CM CM o o o CO m r -4 o o o cr 
CM i n CM C -
s f rM •C i n o r~ r o 00 cr o er r o CO r - r H s f 
i n s r CM O m r~ i n r-4 s f m CM s f r H CM r H o r -
h - s f O O >—i r-4 s r o o r H 00 *0 r H O O o o 
rM i n CM O 
r o CM er r H i n CM i n 00 CC CM i n r o CM s f i n 1—4 CM 
s f I s - r-4i O I s - so H O •—i Sf cr I s - o o o o i n 
r~ r - o O r -4 CM CM O o O r - «£> r-> o o o r H 
rM i n CM o 
r—1 
M oc s f r H i n ITi Sf o o I s - CM vO r- o I—! CM 
s f i n r o r - 4 Sf cr IT: CM i n CM CM m S f o sc o cr 
I s - o o cr i n Sf O o CM OC i n • H o o o o 
r H f - r - CM o cr CM s f 1—4 s f a: CM r*H r H 1—t 
Sf CM r o c m cr 1—4 i r . CC OC r o o CM Sf o i n 
r~ Sf O o O CM Sf O o o I s - SO r H o O o cr 
CM i n CM cr 
O O sr •> in. i n ro 00 «o oc 00 i n r H CM I s - •—4 o 
S f s f CM o Sf i n o r H o CM o r - o CM r - . o cr 
r - H o o i—i ro CM o o CM o s f r H O o o o-. 
CM i n CM r H cr 
I s - oo s f so r H ro r - I s - I s - ro o ro 00 s f -o .. oc 
r~ 00 ro o !—1 sr r - • H i n o 00 cr r H o o o cr 
o 
r» m . o o r H ro CM o o o r~ i n r-1 o i—1 o o 
CM i n CM © 
m i H 
<S) 
UJ s f -0 I s - s f *sf m s f ro o r-4. i n i n 00 m CM (Ml o 
r - r - ro CM o CM s f i n r H S f i n oc O s f CM i n o r H 
r— o 
2 I s - CM o o ro s f r -4 o o - CM r~ r - i H o o o CM 
UJ CM m CM o 
>• H " 
l / V 
i n r H o o s f CO Sf cr i n S f r H cr H r - 1—4 «H o 
ro O r H s f 1—4 m r H ro i n S f cr o o "C o I s -
O 
OO r - i n o o o s f CM O O i—i 00 i n r H o o o © 
- J CM i n CM o 
IXJ r H 
UL - i n r - ro oo CM cc OC 1—4 CM m O cr r~ i n 1—i CM 
O ro r H r H 00 cr s r r H r o cc s f cc m o cc o O 
• O O0 I s - 1—4 O o CM Sf i—i o o r H r H s f o o o o r H 
I t ! CM I T I CM »-» O 
CM 1—4 .. o m. oo «o ro CM vO ro, r - ro O H I s -
ir. © 
O 
i n ro r H i n r H CM CM •J3 Sf oc cr o in. o CM 
I s - sf O o a Sf ro o O r H 00 i n o o o o © 
LU CM i n r H O 
a i H 
D. 
CM CM CM 
ro 
O 
ro O o + i n —J < 
o O C CM CM o o o O CM o c O CM r -1 r—i CC —J LU LU o <r <r CM CM CM O C 
LU GO 1— rsl < LU Li - s: o 2 id X Q , U oo 1 -
208 
-0 l-H SO CM ( M CO r-l SD sr o sr cc t o cr r - - H cr 
o r-l CM o l-H a r—* i—i ro o cr CM cr r H CM o 
I 
cr O © t-H CM sT O o i-H r - o O © o cc 
ro m CM cr 
< ro sT sT cr O co SO oc i-H SO r» ro ro sr 
o IT> CM O sr sr CC l-H sr sr sr r~ f-H CM CM o I T 
1 
cr ro o o i-H ro CM o o —H r - so 
t-H O O o cr 
ro in CM C 
i n o cr OC i n i n r - r - CC o o CO sr CM sr r-H CO 
o cr f-H © cr ro 00 r-H CM cc i n © cr CM i-H o sr 
p-
cr ro o o r-l sr t-H o o H oo SO o O o o o 
ro i n CM o 
r-H 
i n CM sr O sr •—1 r-l o i n r - CM cr I T ro i n 
ro SO CM o cr ro r - i-H CM cr ro ro sr O r - o o 
CM 
r~ CM O o l-H CM o O o i-H i n i-H o r-H o o 
CM I T . CM i-H o 
«-H 
sr ro cr so oo CM I T I o p- m i n i n r - sr ST r - l 1-H 
ro cr r-l o p- cr SO 1-H i—i co i n CM ro o CM o 1-H 
CM 
r - CM o o CM r-l o O o i-H i n i—i o r H © O 
CM i n CM i-H O 
CO CM r-H r - a CO sr sr o i—i sr CM IT a •—i r—1 oc 
CM r - CM o ro CM m r-H ro CM sr r-H l-H o sr o o 
CM 
r - CM o o rn CO l-H- o O r - l cr SO r-H o o o o 
CM i n CM o 
r-H 
r- CO o i n oc r-H oc- CM sr r - ro SD p- sr r-H •c 
rvj OC' CM r-H ro SO r - sr SO i-H r-H sr i—i LC o xO 
c\ i 
r~ sr O o CM CO r—i O o r - l 00 SO r-H o o o r-H 

































I T o o CM sr r H o O l-H oc S3 CM © © o CM 
CM in CM O 
cr cr CM r—« ro sr OC 00 sr ro S 5 SO ro CM t-H S3 
o sr • CM r-H i n sr ro l-H ro CM CO © r - t—i i n o CM 
CM 
r - sr O o r-H sr CM © O i-H r*~ o i-H o © o r—i 
CM i n CM o 
m r-1 
on 
LU r~ i n 00 o i—1 cr sO sr i n cr t—i cr o 00 CM l-H sr o ro r-H r-l o o m r v CM so p~ sr © 1—1 S3 o i n 
CM 
r - m © o 1—1 I T •—I o O r-i r* so —H o O o t-H 
u_ CM IT. CM o 
> 1—1 
i n so CM 00 sr cr CM o sr sT ro r~ o sr CM l-H o o CM CM o i n r~ CO sr CM CM r-l oc CM t-H o r-l 
l-H CM 
on r - sr C o t—i sr r-H o o CM CO so o O o o i-H 
—f CM m CM o 
UJ r H 
LL 
p< sr i n CM t-H P - SJ r* so o i n i n p - oo o ro r—1 ro 
cr © CO •—1 ro sr ir- CM i n c so i—• oo CM sr c © 
t o r - sr o o O m CM O o CM r~ o o O o o r-H 
LU CM in. CM o 
>-i r-l 
or 
LU i n r - 00 p- i n ro oc r-H oc cr 00 CM cr l-H r-H sT 
t o oc r-H o o i r i n i—i •—1 o © i n o cr o ro o oo 
oc p- SO o o CM PvJ r-1 o o i-H 00 r~ o o o o © 
LU CM m CM o 
o_ r-H 
a 
ro ro • _ 1 
CM CM CM O O O + i n <r 
c C c 00 CM c c a c CM o o C CM y~ • r—1 i—i DC _ l LU LU z o <r. < CM CM CM c o LU t o rvi < LU UL s : s: u Z I CL t o r -
209 
• ( \ i CT- r-- a IT, s f r-H IT, CM i n m r i o 
X r - s f •—1 m a ITv f \ ) sO i n IT- o IT. CM r - o o 
< r«- O o m IT. s t O O C\J •—i r - CM o i—< o o i r (M i 
• r~ OC r—4 t r r~ cc 00 CM m Sf" sT CM c 
c n O o s f o- o c s f r-~ St o i—» o o 
•—i O o cr o o o O m •4- O o o o o 
LTi i—i 
• i n CT >J- o Sf LP. *o r - s f m i n 00 o o 
O st- O c r-4 o O i n CNJ i n s f o c-, o o 
oo #—4 O o —A •—t t—i o o o o o o o o o 
z f - st- OC i n st- I s - s r cn CM I—* c 
< (\1 CM o IT. r - m r-4 m m O »-4 ?—* i n o o Lb 
St O o t—i co CM O o •—i cc SO o o o o IT. CM 
CNJ o a o «c cc so —< cc 1—4 <r CM m s t t—* r - cc CM CM cr r-4 o o CM o LC-
so 
CM i n o o r-4 i n CM O O o i n CM o o o I—I •—4 i n CM O 
c 
r—4 C O f»'i m i n o Sf i n o CM s r o m CM i n f—1 i n 
. r ~ CM c v r - l cr o CM i n r o cc •—1 r - CM c<^  o o 
»0 
CM fl"\ o O o- i r m o o CM t - o O o o o 



























o o m 
CM 
CM <—1 O o I — ' a »o o o o o O 
o 
00 LU i n o CO o i n o O «*• m o m m o r~ 
1 - • cr o CM CM LTi o cr CM o o Hi CO 
z cc i n o o r-i * o O O 00 >o o O O o o LLi i n i n CM o 
>- r-4 
CNl^ a >t m a CM o r- CO s^ sl- *o •—( 1—1 
U i n CO i n CM CM CM m cr o st o f > o O r~ 
oo O IT o o o •4- » H O O •—4 C C : «o o o o o o-_ j m i n CM o-
LU 
_ » t CM i n cc o CO st- CM o m ir- i n CM < 
>*- i—< r n o o a . o CM i r C<~: a i-< 00 i r o •—i 
• 00 o i n o o o CO St O o 1—1 r - l o o o f—i Ui m CM o 1-4 
OC < 
LU O CO o CM m a- a o cc CM CM o a- l-< •-4 
00 m i n r - l o r o o st- o CM m s t o • - i c i n 
o : a i n o o c n CM • — I o o o C^ C o o o o LU i n CM o 
a. 
a 




C o + i n 
_ l 
< 
O o o CM CM o o O O CM C c C CM t -
• i—• a. LLi LU z O < < CM CM CM o o LU oo (- < LL LL. s : s: o X a. • o oo 
• o m o m a m o >o i n o c r o i n r-1 CO o 
X r - r - (Nj (NJ i r . r » < f CNI (NJ c r oc (NI >t o o 
< s : CO o o N - CO o r-4 •c r - r - (NJ «—t •—4 o o IT <Ni 
• 00 m IT (Ni •—4 c r r - (NJ o CM CN) *c CC o 
z o •—4 O <, r-i r-4 a «t c r <£.< o o o c 
X. r-4 o O h~ r-4 r-4 O o o co s f O o o o o 
If". r - i 
• i n i f . i n o r - «*• m o r - O CO CO r- l o o or, I — l c o co i n o r o r - m . c r o < r o o 
I / ) O o o co CNi •—I o o i—t —* o o o o o o 
z >*• m I—1 o X cc « c r o CO •—1 (M r » CO i-H o 
< CM co r—1 >r o co CNI CO a . •c o o 
a; 5 . (NJ o o c r m m o o r o i n i n o o o o 
i n • — i 
i—i 
i—i r - o CO c r <M o i n i n c r cn m IT. r-* (NI r - C\i (V I — * I T St- cc O (N) i n i n a o oo 
CM (\J o o 03 CO o o CO o t n •—< c o o 
?—* IT r—» o 
t—1 
•—4 r - or. CD I—1 o r » o oo m (NJ CO IT. l - l 
-0 r - (NJ o o i n CN) a o •4- IT. cr o cr o 
(NJ 
r - CVi o o a i n (NJ c r—4 i n i n IT »—t r—» o o I—i (N! If- c 1—1 
CM co o m r - 00 co IT! oc cr IT r~4 s i - CO 
t n CO r - (M (NJ (NJ CM o <j r— o o 
r-4 o o r - I T i n o r—< i n r—i i—l o o o (Nl i n •-^ o 
r v a r o >!• cn c r s j - CO o CO o CO (V >c 00 r-• r~ 
a c m r-4 (NI i n o CO cc cr (NJ oc o o cc' 
r—< •—i c c ec i n o o <r r - m o o o o c r 
CNI m i - i C 
O o IT m i n r-4 c r r - CVJ o a -c <1 IT r-4 1—4 
co CNI 1—4 o OJ i—i 1-t 00 00 •4- o -JO o a (/) 
uu r - (Nl O o «-i CO o o o CO 00 o O o o 
(- CNI IT- (NJ c 1-4 
z UJ (Ni O m . • — i CNI o IT i n c r CNi 00 CNI vO o O r o CO >> CC 00 CNI 1—4 a m (NJ CO c r cn </ CO o l/> 
(NJ o o r - CO o O <d" v0 i n 1-4 o o o a 
o (NJ IT c r 
a. 
< O r - o 1-4 CO (NI O o i n c r 1—1 m 
5 00 co r - i cr t—i cc CO cc CO r-4 c r 1-4 o c r 
</5 1—1 (NJ O O c r *o CO o o CO r~ r-4 o o o 1—4 
\S> (NJ i n •-4 O 
UJ r—4 
_J cc 
• i n o O cc o c CO a cc (NJ o •—i o r - CC> 1-4 <! >*• c a a- r- c r (M r - o o co 
• 00 r - CO, o o cc i—i o o i — • CO >0 (NJ o o o r -UJ CM i f - i c r 
or 
UJ oc r - m cc a c r 00 vO m O c r a IT 1—I r-4 r-4 t o o co ro o o i n »*• (V <NJ CNJ •J" i—i c r (NJ <r o o 
a : 1—4 O o CO r- •—( o i—i m o i—l r-4 o CNI 
LU (NJ i n 1-1 O 
CL i-4 
a. CO co _ i 
CNI (NJ (NJ o c CD + i n « a o c o <N! (V c c c O (Nl C c O CNJ y~ 
• (—4 CC - J LU UJ z o <r < CNI (NJ (Nl o c LU IVI •< U_ IX •s. s : o z X CL. o t -
211 
• 00 r o o r o o i n •—4 CM r o r - 00 >c oo i—< o 
X o c r cc o r - cc r - t-H 00 c r o o 
s : o o r - > t c r o <\j 00 I s - i n f—I f—1 o o o 
i n •-< . - i 
• cr CM OC CO r o r- r - o o >*• t-H o 
I s - i— l o r o r o cr cr o si* o c o o 
s: (Ni O o oo s r o o i n sf CM o o o o o 
s r 
• r o o m m 00 IT. o o *o r o Sf <r o o 
D s f r o o a c r IT. t-< < r o c r i n i n CM o o 
r o o o CM o o i-H o o O o o o 
z oo m o si" CO cr r o >4- *0 v0 r » 
<f r o IT *t r - t - t •4- s}- o cr UJ 
s: cc 
•4-
o o IT f-H r - O o I
s - vC r o 
o cr 












oc o -o cr 
f-H CM r o o cr O •4" f H CO 
I s - cr r o o oo I s - IT. CM o -4 
I s - i n o •—4 00 - i - r o •—i i—( o o 00 
cc- <\i o 00 m <?• LTi I s - . cc r o o o O 
r o o •—4 CO IT. r o a I s - •4- o o f—« 
a r \ i o O <c N * i n o o «o r * s r O i—i o o 
r o 
c r CO I s - f H r ~ c r ce i n 
i n r o . f -H oo r o CM r o 
CM 
I s - c r O O r - Ni- O 
CM ST »-( 
CO r v I s - cc r o cr-. cc I-H f-H 
O IT, oc O ><- CM o IT 




r o 00 oo r o r o o i n f-H CM r - CO s f f - J 
c r m oo OJ ITi r - <M 00 i n o r - O r o o 
r - r o o o . cc s r c r o CM 00 r - fM o o c o 
rxj sT i—i 
m s. 
CO c r •—1 m •sr CM -4- .00 vO •0 r - %r cc m . UJ 00 r - c r r v O 00 m • <5 c r r o i r . CO o r— f-H 
h - rv j O o >t r o o O t-H i n m r o f—t o o o 
2 OJ i—i r—l 
r - f-H i n o r o vC I s -
o cr r- o oo cr, r o 








c r o i n m s f O f-H f-H 00 cr f-4 00 00 i n . I-H r -
sf- 00 CM r<S" sr. CM .. o vO o TO • f-H f H o cr o i—t I-H I s - cr o o i n vO o • — I r - o" si- l-H H o o o u- r>j r-H o 
o >}- ro o IT. i-H o 
r- fO b ro c 1—1 








o f- •4- r o oo cc CO cr CM •r Is-4- r - 00 f-H r o f—i r ^ O a f-H o 







r \ j 
C-
rvi 


















o 00 f-H 
vO c r o 
t-H o o 
i n o CM 
fM c-







• a CM CM p—4 o r e i n CM o a- St sO CO r-l c 
X oc sl" f—i <i r e o r e si- >* r - CM CM r-< o o 
<t s: f-H C O r e i n st- o i—i O sl- IT. CM r-l CM o o IT. CM r-H 
• >o CM «c -c c IT. >D IT CO CM 1—1 o 
z CM o CM r e r e 1—4 CM i n O o o CC o o 
a O o O CM •—i o O •—i r- CM o o o o o 
s f r-4 
• si- o CM CO t- o o h - r - «\ oo • t o o o 
o CM r-4 O s)- o a o St- »c •c CM ITi si- IT o o 
i / i i— i c O CM r-4 o o o CM i—i O O o o o 
z •—i <T o r e sf c m cc oo h - sO 1—1 o 
<. CM O ac 1—4 CM a f - c^ . i r o c 
U J a o O o sj- CM o o m a s f i-( o r-i o o 
CM 
r-l 
(M r e O oc •4 i—i o CM o CO CM T-t CM 
r - CM f—i f-H sT CM o- sf CM o- r - CC c . sf 
sc 
CM a O o I-l si- CM O o a- IT. o o c o c r Sf CM o 
r- OC «c CM <l IT. IT. o a i r . a si- CM CC i—4 r -
cc IT 1-4 r - ! m r e i—i si- c si- CM CM 1^ o CM CM 
f - O o o r e CM r-4 o o • — I IT- CM O 1—1 o CM ir>. CM •—i o 
r-4 
IT r e CM cc rH o IT. « c o vO CC o f—1 1—1 
ec o CM o r e •-4 CM m o O o IT. o r -
CM 
r - 0 0 O o r e 1-4 a o St CM r—( o i—< o CM si- CM •• 
O CM cc « t s f CTl c r \r. CM m CM r o »0 r—4 r-1 
oo CM Sf o CM o c r e o O O CM r—1 o CC CM 
r-~ OC C o <> IT* sl- o •—4 i n , r-l r-* CM o CO 
(M st a-
ST a cc O CD o CM i—i i n f—{ t- i n r-l sf 
r- CO CM o r e r e CM a- o < r-4 r - 0 0 CM o a r-4 
z 1—1 o c O s f r e O o IT. o o I—I o o 
l b CM IT! CM o 
>- r-l IS) 
r-i 1—1 >c O <o c i r CM ' c s r sl- CO r-4 CM 
o -c r - r e o a r e r e CM IT c f—4 •—t >o 1—1 o CM 
a . o 
z r- C c c o IT. r-i o o c r ITi I—I O CM o i—4 
»—« CM i r CM O 
< i—l OC 
O t r sj- CM r e <? r e so > t O i—( r ~ i n r-l o 
1 o r - r-H o IT cc r e o m CO CM c r •—t o o 
U_! o 1/) r - a - o o O r e CM c o < t o m o o r-4 
CM st- CM . 1—1 o 
< 
o 
u r e r e 
CM CM CM O O C + i n < r 
C o c CM CM O O o o CM o c C CM r -• i—i 1—i cc Uu UJ z es < <L CM CM CM O c u . i / ) 1— < l i - U_ s: s: u Z be: I a . o IS-
• so •—i r e s t I—I O so CM CT SO c c <—i o 
X s t fM cr i—< r - r e r - r e cr CM a s t ITi o o 
a : m o o o c c (M o o s f a i n r-l o CM o o 
IT- CM 
» so CT IT. o ITl O CO o r - ITl CM O r - CM i—i o 
z s t •—1 • — i r e CM st i - i CO (M a s t CM b o o 
s : o o CO sf o o o CM so sf i—i o O o o 
IT. r-i 
• o cc r e a I—I Sf s r t n SO St • — I r - r e CM o 
o r e o O c c r H o F-i O r e CM • — I o 
i—i o o O r - l o o o o r-l o O o o o 
Z v o s f a i ^ - r e . c o v o r ^ v O r ~ a o o r - r - - > - i o 
< r e r M I - 4 i n m s f ( M « t » - ' i n c r r " - C M s D o o 
a z r e o o o ^ ^ C r - i o o f ^ c c s j - i - ^ o - i o o 
i n —i 
o CO r e o- s f c r sf s t i n sO c r St o • - I o 
CM CM CM <-l SO o i r - CM sf vO i r . r - l SO r e cr o o 
r e 
cc r e o o c r so i—i c O CM CO IT- r - l O o o I—I 
m IT i-H o 
p~1 
r - r-H r e f—l co sf cr m CC CM I—1 |s- Cr CM s0 I—1 r-
i—< so CM CM IT sO m CM r e H ITi cc a r e I—I o st 
r e 
c c CM O o O ' SO r - l o o r e CO St I—I o r - l o CM 
i n i n CM C 
I - I 
SO c r CT i n SO m <—l CO c r r-r r - st Cr st CM r—! vO 
r - l CM r - l CT CM SO ! - t i n CM c r CM CO r-l r e o o 
r<-i 
CD si- o O O s t r - l o o CM 00 m I—I o o c I—I 
IT, i n CM o 
st O c r S0 CC I—1 O , t n r l i n t - st- r - CM a 
«—1 t - r-H r-i 00 CO T - CM r e r e i n CM i r o c r o r -
r e 
oc i n o o CT m CM O o CM r - IT. r - l o o o CM 
i n i n r H o 
I—I 
UJ 
t - st so r - l SO s t i n cr O so r - st r e st r - l r-l r e r - i i n . s t s t r-1 a r - l o r e r- o c r c r CM m O r » 
z co 
LU r - l i—i O o CO O CM o o r e sf r - l O CM o (M 
> r e m r r j o r H 
u >c r e CT- o I—1 r e O CO r e 00 r e m o r e i n CM 
r-H s r CO r-4 CM • r l ' St CM s t s t 00 CO CM CM St o s f 
00 
r-4 r-< CM o O CO r - O O o r e a - s t i—l O CM o CM 
a . r e i n r - l O 
> r-l 
O- CM a CM cr c r " SO CO r e CM IT a - CC' SO s t r—1 m 
o i st . o CM r e CM r e i n r e o fM cc s t st o o 
c cc 
a . I - I Sf o o cr SO I—I o O s t SO i n f—l O CM o r e 
r e i n • — I o 
u • — I 
X a • — I o r e o st s0 00 o st CM CM r - l O CC I—I o 
r~ CO r - CM CM r e r-H O CM r e O CM s t IT s t IT. o o 
I—I 
—J r - CM O c cc co O O o st CO St r - l O CM o CM 
c CM m r - l o 
z I—I 
111 
X r e r e _1 
CM CM CM O O O + i n <. 
C c o CM CM o c o O CM a c o CM y-
• r—i I—1 _ i UJ UJ z o < < - <M CM CM C c 00 r - f-J < u . LL s : s : o z X a . u t o h-
214 
< x > • • • • • • • > . . 
s : ^ o o f 0 v c < r o o r - < c o r - r - 4 0 o o o 
i n CM 
CL 


















• r - r-4 r - CM CM . -0 c r <* O r-i c r r-i O z r o r - l O CM r o • r-i CM 0 I—* CM SO 0 O O 
2 : r o O O O >-t —i O O 1—1 r - MD O 0 0 O O 
i n CM 
• 1—1 s t CM O m a m r * CO CT O cr CO c r O O 
0 m O O C\i i n r-i O 0 r-i CM 0 r-i O O 
</> 0 O O r-4 r-i r-i O 0 O O O 0 0 O O O 
z a 1—1 r o i n CM CO «o i n i n O r - 0 cc r - r—i O 
< CO ( \ j 0 sf i n i n »~< r o r o CM <»• cr r-i CM O O 
UJ 
2. r o O 0 t \ i co CM 0 O r—i CO 0 0 O O O 
IT, CM 
CM 
r—1 CO 0 CM CM s r 0 CM c r CC IT ST <r 
r - 1 IT. CM O IT. 0 c r r - l CM r-l O • — I —1 r—< 0 O 
vO 
CM < r O •O CM r o r—1 O O r-i CO r—i 0 0 0 O 




r-i Sf 0 .sr i n r-4 0 CM •—1 CO s t O CO CO a r-4 r-4 
r-i c r CM O i n r-4 0 CM sf r - l CM CM CM r-i O O 
r -
0 s r o O O CM •o r-i O O I—l r - >o r—l O O © • • r-i 
cO m CM O 
LU O <* i n r - r - r - 0 CM i n 0 r-4 0 0 CO i n r - l cc 






O 0 O 
CM 




c c CM r - i V - CM CM c r c r 0 cc 00 c r 1—1 0 
r - i n r-4 0 m «o r o r—1 CM 0 c r CM r-4 a 0 0 
f—* r o O 0 r o CO 1—4 O O 1—4 CO vC 0 •• O 0 0 0 
CM i n CM 0 
cc IT. r—1 cr so c r s i - r—4 r - CC oc OC CC r - l r—1 CM 
CM >r r-4 C r - r~ s r r-4 m st- 00 CM CM O 00 
f*-l 
r - si- O O 














CO CM CM SO 0 sr 1—1 c r 
<r ro r-4 ro i n CM r-4 CM ro O c r 
r-4 s f O O r - l cc 0 O O O c r 
c r 
00 r o m _ i CM CM rv C 0 0 + i n <• 
c C D CM CM O Q 0 0 CM c D O CM 1— 
• I—l r—1 DC - J LU LU Z 0 <r < CM CM CM O O 
X l/> (— PM < U, U- s : s : a Z I a 0 1/) y-
• CO « o i n o sT IT. c r o SO r—1 <\i 1—1 1-H o 
X I T co CO o OC a CM sr o -c cc CM co o o 
< m O o CM o co O o CM o SO O o o o o 
i n f V 1—4 
* CM «c CM 00 r—I ST vO o o i n I T I—4 c 
Z o 1—1 O 1—1 r~ r - i - i (Ni co c r CM r—4 c i—i c o 
S. r-H o o o CM o o r—1 c~ ST o o O o o 
IT . CM 
* co 0 0 CO 1—1 m LTi I - l IT, o (NJ r - l 1—1 CC o c 
D o o r - l I s - CC IT, O r - l i n co O co 1—1 o o o 
OO CM o o o r-4 o o c o i — i r—1 o o o c o 
CM 
z c r CM fNI ST CC INI CC' IT. cc I s - 1—4 (NJ o I—I o 
CL * r r - n j 1—4 cr CO CO r - i co CO r - s r i n i—i CM o o 
c 
Uu 
m o o o s r co o o 1—1 0 0 i n o o o o o 
or in CM 
I 
oo 
U_i o CM SO i n CO SO o I T so o c r i n r - l I s - r—4 r~ 
1—1 o rn4 co 1—1 CO CM CM CM r—1 o 1—4 O m 
> r -Q c r r—1 o O o vO CO O Q CM o s r o o O O o 
1 1 1 
m i n CM o 
t -
to** i n 0 0 SO 0 0 r~ r-4 CO CO 0 0 O cc CM i n r—i r -
Z r - i r . r - t o co m o i—< CM O i n cr CO o r - l o CM 
LU rvi 
> I s - i n o o o s r CO o o CM 00 sr o o o o r—1 oo <M i n CM o 
C 1—I 
CL 
o co cr s r CM CM O 1-1 s r c r -C c r— s r c r-4 •—4 s r 
r— I s - LC- O o s r I s - CO r o c r SC. I s - CM CO c so 
X. r—4 
r - co o o CM CO CM o o r—4 I s - M0 o o p o a 
c (M i n CM o -
< *C I s - r o CM cc sT s r sc a OC' s r CM o CM i n r—1 i n 
Hi CO c r co O o r - o •—4 s r m cr co t n CN) r-4 o i n 
y- o 
r— I s - s f O O o CM CO o o r - l I s - i n o o o o a -
z CM i n CM c r 
LU 
> 
00 CO CO —J 
CM CM CM C Q o + m 
C c CM CM O D o c CM c c O CM 1— 
• i—i - J LU LU Z < < CM CM CM O c X 00 1— M <r LL. LL. s : s : z i f X a . o oo 1 -
216 
• r- vO i—i ST o cr sT i n i n cr r o ST o 
X CM r o CM o er CM i n »r r- r-4 cc CM ST c o 
x: vO o O I—1 r - r o O o i—i 00 r - o O c o o 

























• s r I T m o Is- r o cc r - o rvi cr o o o 
z •4" O cc I S - r o - J r o cr cr vO «4- o o o o 
s: © O CO CM I — ! C o o vO m o o o o o 
i n 
• CO 00 o O —( »c i—i I-H r o oc t-4 Is- o o o 
o r-H c ST f—4 1—4 o l-H CM Is- Is- CM o CM o o 
t o o o o l-H C M . •—t o o O o o O o o o o 
z vC vC r-4 CO cr vO r o rv i O r - •4" CO vO cr 1—4 o 
< l-H CM l-H © r - r- CM s r CM 00 ro. •—1 l-H o o 
U J 























r o o sr so 




o co oc 
s r 
i n 
I s - I s -






vC in I s - sr sr c I S - CM r o o H so 
I s - C M r-H in o oc sr rv i o o •-H 
CM r o O o i-H oc vC o O o o o 
o r-4 
CM O cr cr r-4 I s - in cr i—i •4- l-H rv i 
r o cr r-4 >* r o cr i-t 00 CM CM o cr 
r o r o o o so r- o o O •O o 
o i—4 
I T . O cr r o vC m o o c r - i-H r—4 
cr «C CM r o o r- <• CO l-H O o o 
in CM o O *—( I s - I T . o o O o o 
r o CT m f H so i n O I s - cc m CM cr o 
o t r r-4 CM cr •—4 r o ( M cr I s - r- SO o >4" o 00 
i-H o O 00 Is- l-H C o o co i r . o o O o 
r o i n r-4 
r o r o 
CM CM CM o C O + i n O c CD CM CM c o o o CM O c o CM 





• s r O i n m r - i n C O r o i n CM o f-4 r o I S - CM o 
X o •4" i-1 1-4 CM r o 00 O I s - 1—4 ro. I s - o o < try o o <M vO O O i n , c r r » r o o CM o o 
i n CM 
• CM ( M <• O - H C O •—4 r - i n CM • — i c r 00 f-H «—1 o 
z • - 4 i—i o 4-4 I s - r o 1—1 CM CM >*• s r >* o CM o o 
2 " o o o o ( V o O 1-4 r - i n o o o o o 
i n 1—1 
• i n o sT vO c r •4" < r 00 r ~ 00 i n vO c r 1—1 o o 
c vO o O f \ J o O o 1-4 r o I s - c r o o o o 
t o f—4 o O f-4 p—t i—i o o i-i o o o o 1—1 o o 
z o o o c r c r r o - - 4 f M o - v O < > r o c M r M » - i ' - 4 o 
< c M C M O < r r o s r f M . < ) - m o c M m c M C M O o 
U J . • • • • • • • • • 
s: r o o o o s r c v i o o f M o c s O ' - • o —to o 
i n o j 
i n 
1—1 i n I
s - i n 00 r- 00 CO r " s r 1—4 f-H f-H «4 r - CM I s - i n (O 1—4 •—4 r o CM i r 00 cr >4 l—i CM CM O vO 
VP 
CM CM O o cr ss r - i o o CM I s - IT. r o O CM O CM • — i i n 1-1 o 
1—1 
00 r \ j CM I s - o 00 oo r o i n CM 1-4 O CO I s - f-H o 
1—4 1—4 •—i o w-4 00 cc r o cc «*• C vO cr CM I s - o >4" ro, 
s r 00 
i n 
o 
i n . 
O o 0" 
—4 
•4- 1—4 c O i n a m 1—4 o CM o CM 
o 
a f—4 
o r - vO o o s r 1-4 00 1—1 r o CM m a CM m I s - f-H o r - cr s r o o I s - cr i-H i n CO cr o r o CM o CM 
e I s -
cr r o o o f-4 CM i-H o o CM I s - v0 OJ o 1—1 o .1-1 
i r o IT. CM o 
r-H 
to 
UJ CM CM •4- I s - 00 O IT. Ovi LT CM CM CO O r o f-4 i n Si s r o fM o CM I s - s r CM >r cc «*• i n CM CM CM o 05 > r -e cr 
r o m 
O a O CM 




O o s r s r I s - CO ' i n m 00. o I s - •4- o 00 CM 1-4 s r m CM CM 1—4 r o CO rv i CM r o cr cr 6 vO O i n o r o 
>• I s - s r O O cr >T s r O O f-H I s - vD o o O o O 
CO CM m . i—i O 
C i—i Ct 
o Ovl s r O o IT i n r o f-4 I s - IT m cr CM CM f—4 i n 
oo o r o 1—1 i-4 O 1—4 CM cv CV1 f-4 CM s r 1-4 CM o r -£ o 
I s - i n O o . CM s r CM O o l-H 00 vC o o O o o o (M i n CM o 
z f-4 < 
CO 00 00 cr CM a sT r o m , r o O f-H r o cr f—4 a LU vO s r CM O cr m r - i—i «4- (*"• o I s - o r o cr o o 
o 
f*H I s - CM O O 1-4 r o r-H O O CM cc I s - i-< o o o f—4 
z CM m CM o UJ f-H 
>-




O o + i n 
— i 
< 
p O o CM CM c o o o CM o o c CM f -
• 1—I i—i a _ J LU LU z o < <T CM CM CM C c I to r— r - j < LL U, s: O Z 5»£ X a o to 
218 
• er- r - l vO CO - LO co s r s r o CM CM LO r - l o X s t <r r - H CO s r CO CM < LO o SO cr CM r - O o < 
s: sr o O l-H LO co O o r-l OC -o o O o o o 
IT. CM 
IT-
• LO sT CM < r LO m s r CM o- I s - r o o I—I cr r—i ' o a z r - CM O r - • — i CM I—I s r CO I s - I s - I s - CM I—I o o 3) »—' 
O co o O o CM CM- o o r - LO o O o o o 
Of LO CM 
o 
1 • (M CM SO O CM CO . « cr CM <c r-H o o o 
o '.- LTi r—1 o s r CO r H o I - I r - l r - l o I—1 o s r o cs 
00 •• 
LU oo O o o • o CM r - l . o o o o o o o o o o 
> 
z CM CM « r - cr i n CO s r so ' " O - r - l l-l I s - I—I o LU < i-H. CO o o r - o I — I i n s r cr r - l 0 0 CM s r o o LU 




cc o r—1 cr sr r - l CO i n CO CM s r sT m o CM cr >o 1— s r CM r - l co s r CM CM s r i n O r - I s - CM r—4 o a 
s: I s -
<r O O •—1 i n CM o o r - l OC m o O o o o 
o <o L P CM o 
z r-H 
< 
o IT- r - l CM cr m m s r r - cr I s - o CM • — i i n I—I co LU r - r~ sT o I s - r - l ' 0 0 r—1 sO CO I s - SO er CM I s - o s r 
H r -
cr co O o o CM CO o o r - l I s - so o O Q o cr Z co LO CM cr LU 
>-
oo CO CO - J 
CM CM CM o Q o + LO < 
D c C CM CM a c c C CM o o c CM f -
# r*H »—< 0C 1 LU LU z < <t CM CM CM a o 
I 00 h - < LL. LL. •s s r i_> z I a o oo 
219 
+ 
c r LA o o O a O f - i n -a c r m of O 
I s - c r c i n O 00 O Oj r-4 »o co o r-i 
I s -
c r Of o o O CM o o O o o sJ- <}- o O 
m LO CM r-4 
CM r-i o I s - cr r-4 a r o i n m . V0 c r c r of Of 
-o CM o • r - l 00 i n rv j r—i «o o CM o O CM 
I S -
c r LO o o o CM o O o o r - i or o . O 
CO. i n CM r-4 
•—< <r < t VP i n oc i n c r r-4 oo i n o co of r-
LO LT\ o i n r o ro, OJ r o CM IT, CC r - i o CM 
IS-
c r If o o c r Of o o O o o o o 
r o i n r-4 —4 
+ 
LO co o oc c r r-4 ITi c r a - i n c r CM r o o f o 
r o t—i o CM o 00 CM r-4 r-4 r o CO o M0 o o 
r -
c r < r o o o of O O o r - i c r <t o t o o 
r o LO CM 
a.' 
r - l s t sC I s - o o CM s0 I S - c r o OC i n r-4 
r o r—i CM r o 00 I S " r - i co r o o t i n CO c r r—1 CO 
r -
c r of o o cc o t r-4 O o r-4 c r vt CO. o o 
ro. i n r-i 
< 
I—I oo r o o f CC' O c 1—4 r o 00 co o r < f r o 
r o o o f r o o 0C' Of r o I S - CM o r O i n r o of 
r -
c r r o o O cc o f CM o o CM CO -t m o O 
r o i r r - l 
+ 
c Of o r o sC o t O 1—4 i n Of r - l vC r~ o f vC 
r o OD c CM I s - of CM r o CM <• vO i n o r-1 
r -
c r o f o o c r of O o o r - i c r o f o o 
CO i n r-i 
i—* r o o o o r o o CM i n CM I s - cr r o c CM 
c r o o i n r - I s - r - l CO r-4 sC c r-4 r-4 o ro.. 
cr o- o o cr co, o c o O CM oi- Of c o 
r o i n i-< r - l 
+ 
r - i o rW CM CM CM o t ro, CC' r - Of CM CC of CO 
rvi r o o CO i—l CM o CM 1—4 o r Of m o OO 
CO 
I—I r o o O cr IT. o O o r-4 a o r Of o 1—1 
CO m r-i 
OO 
LU CO IT CM O" r o r o o o i n i n © Cr- o f . CM f -
>£ cc I s - i n CM 00 00 «o CM i n i n r - r o cc r o of 
>- r - l 
o I s - r o o © r - r o CO O o (M I s - i n CM o O 
CM i n r H 
UJ 
1— 
M i—1 c r CM o t c r cr- o OO o 00 < f 00 o 00 
—1 IT r - o i n Of r o CM as r-4 of CO o> i n o I s -
o r - l 
z I S - i n o o t r r o o o o o m r-4 CO o O 
o CM i n i— i • — i 
X 
a 
00 Of or c r of of i n Ovi I s - CO, m a- c o of 
c LO Cl- o r o r—i oo CM r o r—' >c o a- cc o vC 
LU O 
> I s - o t o O c r of o o o O i—i CM of o o 
CC CM i n r - l 1-4 
LU 
OO 
LU I s - i n o r o c r O o t IT. CM c r <£ i n i n o r o 
a: O CM o o t CO r—i CO CM r-4 o f f—4 i n o r v 
D- O 
I s - i n o O o r o o O o o O ot o f o O 
_ J CM i n CM r—1 
_ J 
UJ 
2 CO r o 
CM CM CM .o © O + m 
o C C oo CM c D c o CM C c c CM « k—i i—i 0C 1 LU LU Z a < < CM CM CM O *—« OO 1— PM <r LL LU s : ST u Z a t X Q. o 
220 
• Cr CM %C a CM o c r r-4 i n . 0C1 c r o si- r e 
X i n i r . r e CM -c r e r~ i n cc r e CC' r e sO 
« r 
IT O O o IT r e O o CM r e IT. s f O •—• 
IT, CM •—< 
• so O c r •re f—i sj- Cr CM CM o s j" sT c o 
z o O r—1 cc OC' O f—i p - i s r r- sT CC o o 
a : re- O o r- CM o o Q O r- r-4 CM o o 
i n f—i 
T 
• O CO CM <r f—l CM IT. c- f-4 i r . s t o •—4 c r 
t o 00 r - l H r~ 00 O O t-4 o a so I—I re, 
ir> 
LU i / i o o o o o r ~ ( o O o r—i o O o o 
> Q 
z c r cr c r rrl i n 0- cc S f s j - r - l CM CO CM 
UJ <t <r o r e sr Cr r- CM CM r - i «* r - ! r-1 o s r 
r - LU 
r—1 s: o o c r r e o o O i — i o sl- sl- o o 





<r m r—1 r~ o i r . o i n vC CM o oe CM sT a c a r—1 o S * cc r e M I—I sf- CC si- r- o I—I 
UJ r-> c r si- o O c r r e O O o O CM r e s f co- o OC r e t e r - i r - t 
Lij 
C ! + LU CM c r c c r c r CO o r- so r e i n o co rn o Ql cr r e o • — i CM CM r - CM 1—4 o c r o 1—4 o i n 
Q. r~ 
o- s|- o a a- r e f - i O . c CM co IT s f c c 
_ J r e i n i—i 
—1 
1 1 1 3f r e r e 
CM CM CM C C a + i n 
C C o CM CM o O o C CM c a C CM 
• »-«* r — a - J LU Lb z c r < CM CM CM O lH-4 K •a U- X s: o z V X a o 
221 
• r—i LO CM i n SO O r - l i n c r LP. i n O r-4 co 
X r~ r H s r cr o CO CO CO CM so CM 00 —4 
< 
o O o o SO CM o O CO LO SO CM' o fO 
CM 
« *0 o CM o CO o so o CM s f 00 o o 
2 o o no cr so O o r-1 o 00 o LP. o o 
• • • • • * • • • • • • t • 
p- o o p- CM o o o o s r i n O o o 
m p-1 
» • — i so LO CO s r s r o «0 so c r O 00 s r o 
C s t o o c r • — i r - I—I o a CM CM SO o CM 
OO •—* o o o r - l o o o o o o o o r H 
2 LO r - SO CM CM LO LO CO CO p- LO ro i n o 
< s r o r o CM m CO r - l CM s r co c r CM O r H 
UJ 
s : c r o o a s r o o o r H LO LP. r H O r H 
LO I - I 
o r-4 r~ CM ' LO r - o o s r o r H SO r - s r 00 
o SO o s r CM o o CM CM a i n CO O o p-
00 
c r O o o c r s r I—I o o o LO i n r - l o o 
ro SO r-H 
OC r - l IT. CM CM c r o 00 o LO r H 00 s r c r 
c r r ~ r H (O CM s r IT r - l CM CM SO a LP. o r » 
r -
c r o o o 00 s r r—l o o r H LO LO O o o 
co so r—1 
co i n (M 00 o o CO LO SO m, 00 P- o Pvi 
00 r - l r - l s r l - l so CO l - l CO r H s r cc. CM r H 00 
• r -
O o o o cr CM CM o O r H ITi i n •—i O o 
co so -4 
oo 
LU i o so LO r - l O CO, P~ o CM i n P- o o 
00 LO o CM c r s r O l - l r—1 o s r CM CM o o 
r -
o cr o o O o s r o o O o LO SO r H o o 
ro SO CM 
LU 
HH c r vO sO O O c r o co CO SO CM P- o s r ro 
_ J 00 o o I—I i n r - CM CM co CO 00 00 o IV 
1 so 
i l l c r r - o O c r o O o r - l s r LP, CM o CO 
( - ro t o r - l 
It—4 
j 
a LO CM r - m o CO oo o S3 CC i n CO cr s f f H 2 rvi O o CO CO CO r - l o I—I CO LO o o O LO 
O 00 
X r-t o o c c r LO o o O r-4 i n SO I—4 O O 
a . ro r - l 
o 
LU r \ p- c c r •—1 s r r - l CO CO co r H a vO NO 
or. <\) S0 o fO 00 IT o CM r—l a l-H o o CM 
LU 00 
I— r - l 00 c o c r i n O o C CM i n SO H o O 
— ' ro LO r - i 
< 
< 
> oo sO c r CM SO ro I—1 r - c r co s r r-- r H cr - J I—I 00 o c r o O CO •—1 CM i n o p- r H cc 
LU 00 
or. r H p- o o r - so c o o r i n IT- o o I-H 
LU ro IT, — i 
> LU 
OO CO ro 
CM CM CM a C o + LO 
c c C CM CM a c o c CM CD c o CM 
• a-- LU u . 2 < < r CM CM CM c - > OO M < LL u. s : X o 2 X a u 
222 
< c o r - o < i - v c c r f \ i t N J i r , o o o D r - - r H s c } - o o 
IXJ 
£ ^ r M O s t r e c c O i n s O r e r M r - i . H f M O o 
<J- r H 
st r - ITi i n o O st- . o r e r e cr i n r e st 1-4 i n 
r e i r r e O fM • — I o (M i n m r e SO c r e er- o O 
r -
cr 140. fM Q st i n 00 c r e so sf fM CM r-4 st o o r e •4- r-t o 
o • 
t - 1—1 >—i i n O s t e j r e i n r e sf cr CM CO st fM r e r-l cr- f j o •—4 I s - cr CM -4 fM r e cc Is- sf I s - o I s -
I s -
cr i n (M o r e st O IT cr sf o 1-4 O o O cr 
r e sf • — i cr 
CO a CT s t o i n s t I s - r e I s - c r o co oc IT fM o 
r - o s t o r e o sO H 00 c r i n 00 o m a- o SO 00 
1-4 i n r e o r e r e cr o cr so fM fM fM o i H o r H r e s f r H o 
t H 
O so o SO o co s t r-< fM I s - o r H O 1—4 cr r H SO 
f - s t cc G c r i n I s - fM i n CM fM r e r - CO s t o o CC 
r H I s - CM O s t r e Cr O s t SO St CM H 1—4 o f—1 
r e s t r H o 
• H 
i r , r e s t SO o r e m . CO o I s - c r SO I s - fM s t r H i n 
SO cc I s - o IT. c r NO 1—4 r H SO r e c r so I s - I s - o i—t cc 
i—i I s - fM o s t CM Cr o IT so re. fM 1—1 p—4 fM o CM 
r e s t • H O 
r H 
fM cr cc I s - O O O re c r » H re r - r e sO CO r H IT 
I s - i n so o Cr Ct so <N 00 SO c ac cr a . r - o 0-
I s - o 1-4 o i n r e so o r H i n i n <M • - I o <M o c r 
CM i n i H c r 
cc < SO sO O I s - 00 I s - 00 sf sO fM cc. cr st fM 
s t sD i n O 00 sr r - 1—t O 1-4 O st 0- r~ 0 SO 
I s - I s - fM O s t r e c r O st m s f fM 1-4 i H CM 0 O 
CM s t r H O 
r H 
Cr CC st I s - O m O cr i n fM a- (M fM crt r H O 
r e CM i n 0 I s - Sf 0 fM r H r e r H r e O r » st O I f l 
r - CO CM 0 s t r e a O St i n St r e r H CM O O 
(M : s t r H O 
r H 
Cr O H SO- i n O r e r H O fM s t fM i r . O r e r - l r e 
O •0 CM 0 0 c r m CM I T r e s t so re, St I s - O Ct 
r - CO CM 0 i n fM 00 O . r e SO s t r e r H r H fM O O 
fM s t r H - O r H 
0 
0 I s - r H s f O 0 0 r H r e so O | H CM m r - r H CO 
s t S0 c r fM CC s t SO r e so O SO a r H 00 O st 
O 
I s - CM fM O st r e I s - O I s - r - CM m r H O st O r - l 
LO CM St H O 
a.; r H 
> C I s - I s - I T 0 CC CV so 0 r e 1—4 r H O CO m r-^ re. c - r e 
O 
sO CC O oc. r e st r - O cr CM CC CM i n r—1 O r e 
SO r r i O r e r e c r O 00 so r e CM H O •—1 O r H 
i—i fM St i H O (X r - l 
> X m i n st so i n m H 1—4 1—* r - so so c r fM CC 1—1 r ~ 
a . r H •—4 cc- O r— I s - CO CM CC c O CM cr- 00 s t c 0 
c O 
cc I s - so fM O St r e c r O st SO st CM r H r H r H 0 0 
a fM s t r H 0 
z r-f < 




C O + i n 
_J 
< t 
c C C CM fM C C C C r v O c 0 fM 1— . 1—4 1—1 OC LL-- LU z O < < fM CM fM c - G 00 t~ < U - U - 2' X. O z 5t£ X a . O 00 1-
223 
X cr r- O c CM 1—4 ro CO ro i - i co r- CM o 
< i c or. CM a 1—1 a ro oc CM O ro o 00 00 O o 
• o CO o IT IT a O a 0 ' in in CM 1-4 sr O c 
tO LO i—i 
111 
• 
> z r - oc sr c O o sC cr <T o cr- CM ir- sr •—i o C PM «C o —' a t-1 cc r-4 i r op O r» o o 
IC
 
CM 1—1 o CO 
1—1 
CM o o i—! IT, CM o H o O o o 
or 
>- • 
X o CSJ r- i n cc 0 0 r~ •vt ro vO o ro sr CM cc- o o D. • O m o r - vO O o CM o r- O ro SO i—t o o o to 








D c + i n 
_ l 
<r 
C o a CM CM O o o o CM o o Q CM 
• i-« oc - J U J U J 2 CD <. <t CM CM CM o a 
to 1- M < U - U - s : X u Z X a C J t o i— 
224 
• c r <t r o r o o O v t r o xt <t o r - r o r - 1—4 
X c r 00 I— I < r -c CO oo 00 00 m . oo «o r o r - o 
< 00 © o I s - x t x t o o OO vO i n —4 O r-4 o 
m •—i 
• i n a r o c r o I s - i n r o I s - 00 xt r o o r-4 
z 00 m . o I s - c r oo 1—1 CM oo r -4 I s - O r-4 r~4 o 
« v o o vD oo r o o o r-4 i n xt r-4 O o o 
i n r-4 
9 m r-4 r o c r 00 (Ni 00 r-4 I s - OJ r o i n o 
c 00 o xt r o o 1—4 r o xt r o r o CO- m o 
V . o o o O o O o o o o O o CO o o 
z x f r - l r-4 i n r - o r o <r x t oo i n p - c r 1-4 
< c r 00 r - l r-4 •—4 Cvi i n r o I s - oo OO r-4 00 o 
LU 
£ • r ~ o c r - fO: <t c o oo m i n r-4 o o o 
m r-4 
c r i n i n < r o r o o r o 00 oc xt c a 1—1 
a I s - i n f—l r o i n r - r \ i oo i n x t r o r o oo o 
r -
0- I s - o o r - r o <r O o r-4 m . m . 1—4 o o o 
r o m r-4 
I s - i n t—i r—1 1—4 CO o <t c x f r - oc r o a I s - r-4 
c r oc IT, r—* o 00 oo sC m I s - m 1—4 I s - o 
I s -
c r -o O o I s - r o <t o o r o i n x t r - l o 1—4 o 
r o i n 1—1 
IT. a -c o r o O m o o •*t oc I s - x t m r-4 
I s - c r r - l s r x t oc r \ j OO m oo c r o r-4 r - l o 
r -
c r c c o c I s - r o r o c o r o IT •xt o o o 
r o i n r - i 
00- I s - I s - G i n 1—4 O I s - CM i n 1-4 o r o O0 x t r-4 
LT\ O oo r - l c r r o 00 1-4 m i n r-4 00 r-4 r-4 c r o 
I s -
c r I s - o o oo r o r o o o (M 00 i n . r - l O o o 
r o tn . rri 
LO O0 o o CM i n O c r CO i n r o ' x t o 00 o r-4 
i n vC I s - r-4 O c r o r-4 i n r o i n r - l I—l •—( o 
I s -
c r cc o o I V r o o f o o r o i n in- r-4 o o o 
r o i n r - l 
O xf 00 | -H co O o 00 r o I s - I s - c r r - I s - xt r-4 
i n o I s - r-4 r - 00 rvi 1-4 O0 O r-4 r o oo 1-4 r o o 
r -
c r I s - o o >e x f <t o o rsi i n m r-4 o •—i o 
• PO m •—i 
LU 
P - r™"« O I
s - r o OJ c r o 1-4 r - oc xf oc c r r o i n i—4 
> cc -P i n r-4 1—4 a oo r \ j <t r v m . a r—< r - i r-4 o X o 
U r - I s - o o I s - r o xt o o 00 00 x t r—1 o r-4 o 
< (M IT- r-4 
>0 r o x t c r O o xt c r i n o xt c r r o r o cc r-4 
LU r o cr oc o r o i r - a 1—4 r o o I s - oc r-4 r o oc o 
r - O 
r— r - CO o Q I s - r"i r o o o r o m xt r—1 O o o 
1— i n r-4 
a 
CD 




o o + i n 
O C c oo r o O c o C r o c c C r o 
• r-4 1—4 cc —i LU LU z CO < < r o r o r o C 
- J (/) 1 - rxj < LU a . •s. s : o z x ; I a . a I / ) 
225 
t CM i n o r - O o I—I r j - CM f-4 
X o* ro f M o OC 00 i—r -a • 0 i n o in a o 
<t 
CM r - l c •c I T i O r - i >0 r—* o •—4 o 
<! l—l 
t rvj co a a 00 co m CO i n >c o m f - f—4 
in c o r-4 CM CO r - l CM r - r - o r— o o 
»— 
S1 m o o S T •if »-< o O o m St" o o o o 
i n 1-4 
f i n ro - i - CO CM NO CM CM CM co « t 1—4 v D > t c 
o *e sr o • >0 r - o O CO o CM i n 1—4 I - I o 
CM o o O' o l—l O O o o o o o o 
z co m r~ CM ro r - m I f ! 1-4 oc m -c l—l 
m i - t •4- O I—I cr. •—4 •—• 00 •—1 i n o 
LD 
s: •—i o o m I f . CM o O »—> >0 I T - o o o o 
o 
ir> a 00 o r- CO m oc o r-4 >0 or oo oo l — l 
r ~ o CM o CM ro O •—4 CM r*- o I—i o 
r -
Cr CM o O o •4- CM o o l—l -D I T . o o o o 
co -C i—i 
o CM ir< a- a CM O cr < s . 1-4 *C C <t CM I—1 I — I 
a- I T r<- o i - t r-- CO i—i l — l vC r- O c in a o 
CT- I T - 1—1 o <r ir. c l—l ro i n <r r-4 c 1—4 o 
co I—I 
s f o OC <r o o CO <r o a 00 m. o I T l—l 
i n t - 1-1 l—l r- r - r—1 ro OC 1-4 f - l i—l o 
cr- CM o o m >* CM o o o vO i n o o o o 
co .*0 
( M oo <r 00 S f a- m m o r-4 <r CM OC 00 l—l 
• I T . f M co w-> 00 CM ro r-H ro r—1 CM i n O o CM o 
to r-
LU C ( M o o I T CM o , o l—l O i n 1-4 o o o 
ro O i—4 
> 
I 
o co I T o ro I T l r - o CC cr- i n r-1 
<r ro cr in 1—1 r«- r - l - l _ CM ro OC o o 
cc 
K o-- O O o i r CM o O —4 vC i n o o o o 
ro •o r H 
LU 
y~ 
00 I—1 o c ir O ro r - i CM o 00 
<t- 1—4 ro CM OC oc m I - * ro a o ot c c 
00 
UJ I—* CM o o IT- t o t — i o o c o o o o 
CO c o >o —* 
cc r- CM cc O CC' O I T . a ir-. -o m a CO 1—4 
1 o- m, r-4 00 OC CM r-4 ro cr m oc o I—I o 
LU o 
K r - CM o o I T s l - CM c o o I T . i r o o o o 
i — i CM i—i 
r -
O 
I—I CO m 
ee CM CM CM cr c o + I T . 
a C O CM CM C c a o CM C o C CM 
• 1—4 »—i CC LU UJ z o < <L CM CM CM o 
_ j i n M < LL UL S I s : Z X a u 1/5 
APPENDIX 6 (continued) 
TABLE A.8 
Trace element analyses of nepheline syenites, phonolites, 
lamprophyres, and trachytes from the Grtfnnedal-Ika complex, 
together with means, standard deviations ("S.D.") and minimum 
and maximum values. The table i s subdivided i n the same 
manner as Table A.6. Concentrations lower than the nominal 
detection l i m i t ( l i s t e d below) are indicated by a dash. 
Phonolites i n which there i s p a r t i a l a l t e r a t i o n of nepheline 
are indicated "+»', as are those lamprophyres i n which si g n i f i c a n t 
amounts of c h l o r i t e are present. 
Detection l i m i t s (see Appendix 3): 
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C.I.P.W. norms and other petrochemical functions for nepheline 
syenites, phonolites, lamprophyres and trachytes from the 
Grfrfnnedal~Ika complex, South Greenland. The norm and Different-
i a t i o n Index (Thornton and Tuttle 1960) are given i n weight 
percentage; the other functions are calculated from cation 
molecular per cent. 
Specimen numbers analysed i n the laboratories of the Greenland 
Geological Survey are marked by an as t e r i s k . The table i s 
subdivided i n the same manner as Table A.6. 
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PLATES 
P l a t e s 1 and 2 a r e f o l d e d maps contained i n the envelope 
i n s i d e the back cover. 
PLATE 3 
G.G.U. 27118 x 18, c r o s s e d p o l a r s . 
A Lower S e r i e s f o y a i t e of Group I ( s e e t e x t ) , showing s m a l l 
euhedral nepheline c r y s t a l s e nclosed i n massive p e r t h i t i c 
a l k a l i f e l d s p a r . 
PLATE 4 
G.G.U. 31896 x 25, c r o s s e d p o l a r s . 
A Coarse-Grained Brown S y e n i t e having a p o i k i l i t i c 
t e x t u r e a k i n t o those i n the Group I f o y a i t e s . 
S e v e r e l y a l t e r e d nepheline c r y s t a l s ( i n e x t i n c t i o n ) 
are enclosed by massive a l t e r e d p e r t h i t i c f e l d s p a r . 
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PLATE 5 
G.G.U. 27136 x 18, crossed p o l a r s . 
A w e l l laminated p u l a s k i t e showing the pronounced 
f e l d s p a r lamination c h a r a c t e r i s t i c of Group IV. 
PLATE 6 
G.G.U. 27095 x 25, crossed p o l a r s . 
A b i o t i t e - r i c h Granular S\]fn±te (GS-1) showing 
a texture i n d i c a t i v e of nepheline accumulation 
( c . f . P l a t e 3 ) . A l a r g e c r y s t a l of c a n c r i n i t e can 





G.G.U. 126721 x 18, crossed p o l a r s . 
A Coarse-Grained S y e n i t e with abundant euhedral 
nepheline enclosed by l a t e r f e l d s p a r and opaque 
m a t e r i a l a f t e r o r i g i n a l b i o t i t e . 
PLATE 8 
G.G.U. 27200 x 25, cros s e d p o l a r s . 
A s t r o n g l y p o r p h y r i t i c m i c r o s y e n i t e dyke (Group 1 ) , 
showing phenocrysts of nepheline ( i n e x t i n c t i o n ) 
and a l k a l i f e l d s p a r s e t i n a t r a c h y t i c matrix of 
f e l d s p a r , nepheline, a l k a l i pyroxene and b i o t i t e . 
An e a r l i e r , resorbed o u t l i n e of the f e l d s p a r 
phenocryst i s picked out by a dust zone ( c . f . 
Nash et a l . 1969, P l a t e l c ) . 
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PLATE 9 
G.G.U. 39770 x 18, crossed p o l a r s . 
A p o r p h y r i t i c m i c r o s y e n i t e dyke of Group 5. Phenocrysts of 
nepheline ( c l u s t e r a t c e n t r e ) , a l k a l i pyroxene (lower c e n t r e ) , 
b i o t i t e (lower r i g h t ) and f e l d s p a r (not shown) are s e t i n 
a t r a c h y t i c matrix resembling that of Group 1 ( P l a t e 8 ) . 
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